AWARD NUMBER:  W81XWH-21-1-0607

TITLE: Amyloid Fibril-Specific Chimeric Antigen Receptor
Macrophages (CAR-M)-Based Immunotherapy for Amyloid Clearance in
Light Chain Amyloidosis

PRINCIPAL INVESTIGATOR: Jing Fu, Ph.D.

CONTRACTING ORGANIZATION: Columbia University Medical Center

REPORT DATE: NOVEMBER 2023

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Development Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The views, opinions and/or findings contained in this report are those of the author(s) and should
not be construed as an official Department of the Army position, policy or decision unless so
designated by other documentation.



REPORT DOCUMENTATION PAGE oM N D 086

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE 2. REPORT TYPE 3. DATES COVERED
NOVEMBER 2023 Final 1AUG2021 - 31JUL2023
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

W81XWH-21-1-0607
Amyloid Fibril-Specific Chimeric Antigen Receptor Macrophages

(CAR-M) -Based Immunotherapy for Amyloid Clearance in Light 55 GRANT NUMBER

Chain Amyloidosis

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER
Dr. Jing Fu, Ph.D

5f. WORK UNIT NUMBER
E-Mail: 1£f2768Q@columbia.edu

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Columbia University Medical Center NUMBER

630 W 168th ST

PS 8-430

New York, NY,10032

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

U.S. Army Medical Research and Development Command

Fort Detrick, Maryland 21702-5012 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT

Approved for Public Release; Distribution Unlimited

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This proposal is focused on the development of a novel immunotherapy using amyloid fibril specific chimeric
antigen receptor engineered macrophages (CAR-M) to treat amyloid light-chain (AL) amyloidosis. AL amyloidosis
remains incurable with the lack of effective therapy to clear the insoluble amyloid fibrils. Inspired by the
revolutionary advances of using synthetic transmembrane CAR receptors to reprogram T cells towards antibody
directed killing of cancer cells, and given the fact that macrophage dependent phagocytosis is the key
mechanism in amyloid fibril clearance, we hereby designed a novel AL amyloid fibril specific CAR engineered
macrophage therapy to target the insoluble amyloid deposits and achieve effective fibril clearance through
phagocytosis. Our initial effort showed that transduction and expansion of the primary mouse macrophages are
technically impractical to generate enough cells for the proposed in vivo study. Therefore, we developed and
optimized the production protocol of generating primary human CAR macrophages. The AL amyloid phagocytosis
activity of the human CAR macrophages was validated by in wvitro phagocytosis assay. Next, the in wvivo
activity of the human CAR macrophages was tested on a novel animal model to enable the real-time in vivo
monitoring of amyloid targeting and clearance by CAR macrophages. Patient derived AL amyloid fibril extract
was conjugated by Dylight fluorescence dye and then s.c. injected into NSG-SGM3 mice, which support the human
macrophages expansion in mice. Our result showed that AL amyloid burden could be quantitatively monitored by
this novel model. Our results also suggested that CAR macrophages inoculation route needs to be further
explored to facilitate their targeting to the subcutaneously injected amyloidoma.

15. SUBJECT TERMS
AL amyloidosis, light chain, fibril, CAR, macrophage, immunotherapy, cell therapy, imaging,
humanized AL amyloidosis mice model.

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES USAMRDC
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
uu 10 code)
U U U

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z239.18




TABLE OF CONTENTS

1. Introduction

2. Keywords

3. Accomplishments

4. Impact

5. Changes/Problems

6. Products

7. Participants & Other Collaborating Organizations
8. Special Reporting Requirements

9. Appendices



1. INTRODUCTION:

Amyloid light chain (AL) amyloidosis is an incurable rare monoclonal plasma cell dyscrasia closely related to multiple
myeloma. The clonal plasma cells produce excessive misfolded monoclonal immunoglobulin light chains which form
extracellular insoluble fibrils, destroy tissue architecture, cause functional damage in organs, and eventually lead to
death. Current chemotherapies only target clonal plasma cells to suppress the synthesis of new amyloidogenic light
chains, however the already formed fibrillar deposits are not affected and keep causing persistent organ damages.
Therefore, direct fibrillar targeting therapy is urgently needed to resolve the amyloid deposit and cure this ultimately
fatal disease. Recently, CAR macrophages (CAR-M) emerged as a novel immunotherapeutic approach via triggering
tumor cell specific phagocytosis by macrophages and achieved promising tumor clearance in animal studies. Since
phagocytosis is the major mechanism of AL amyloid fibrillar clearance in vivo, we developed a first-in-class AL
amyloid fibril specific CAR macrophage immunotherapy to induce effective fibril deposit specific phagocytosis
thereby achieve efficient amyloid fibril clearance. We have successfully built a first-generation AL amyloid specific
CAR construct. AL amyloid specific CAR transduced macrophages demonstrated promising AL amyloid fibrils
engulfment and clearance efficiency in in vitro phagocytosis assay. We hereby propose to validate the in vivo AL
amyloid targeting and clearance effects of the amyloid specific CAR macrophages in a novel humanized AL
amyloidosis mice model. This project will provide the proof-of-concept data demonstrating the feasibility of using
amyloid fibril specific CAR macrophages to treat AL amyloidosis at the preclinical level.

2. KEYWORDS:

AL amyloidosis, light chain, fibril, CAR, macrophage, immunotherapy, cell therapy, imaging, humanized AL
amyloidosis mice model.

3. ACCOMPLISHMENTS:
What were the major goals of the project?

The major goals were to evaluate the AL amyloid fibril specific targeting/recruiting of 11-1F4-FcRr CAR macrophage in
Vivo.

We proposed to transduce Nude mice bone marrow derived macrophage with 11-F4-CAR-FcRr-GFP luciferase lentivirus
and generate 11-1F4 CAR macrophages for mice injection (proposed date: 10/1/21). Following, we will inject the AL
amyloid extract and CAR macrophage into Nude mice to investigate the in vivo amyloid targeting of 11-1F4 CAR
macrophages (proposed date: 2/1/22).

However, our efforts to produce mouse primary CAR macrophages showed that mouse bone marrow derived
macrophages are resistant to lentiviral infection. Although >90% macrophages were GFP positive on the second day after
infection, most of the cells lost the GFP signal starting from day 3 following infection, probably because inflammasome
pathways or phagocytosis were induced in the mature macrophages in response to viral infection. Therefore, we modified
our SOW (submitted on 03/10/22) to prepare CAR transduced human macrophages in the immunodeficient NSG-SGM3
mice for the in vivo study (with 1 year of No-Cost-Extension approved on 7/21/22). The new major goals and target dates
were the following:

Specific Aim 1: Evaluate the AL amyloid fibril specific targeting/recruiting of human 11-1F4-FcRy CAR macrophage in
Vivo.

Subtask 1: Institutional IACUC and ACURO approval of the animal protocol.

Subtask 2: HRPO approval for the use of human cells from patient blood samples.

Subtask 3: Transduction and expansion of human control or CAR macrophages.

Specific Aim 2: Investigate the in vivo immunotherapeutic efficacy of human CAR macrophages using a novel in vivo
model allowing real-time monitoring of the CAR macrophage recruitment and amyloid clearance.

Subtask 1 - Injection of human 11-1F4 CAR-M or control macrophages into DL-labeled amyloidoma bearing NSG-
SGM3 mice (N=5 each group. Groups: 1) saline injection; 2) control macrophage injection; 3) CAR macrophage
injection), and monitoring the real-time amyloid clearance by IVIS fluorescence/BLI imaging.

Subtask 2 - Validation of the CAR-M recruiting to amyloidoma by immunohistology staining.




What was accomplished under these goals?

1. Generation of mouse CAR macrophages for in vivo assay.

To generate the 11-1F4 CAR macrophages, we first packaged the lentivirus: pCDH-GFP-Luciferase (EV) and pCDH-11-
1F4-FcRr-GFP luciferase (CAR) from HEK293T cells and concentrated the lentivirus to 2x107/ml titer by
ultracentrifugation. Mouse bone marrow derived macrophage (BMDM) was generated from nude mice bone marrow
mononuclear cells after 5 days culture with 25 ng/ml M-CSF. The lentivirus and BMDMs (MOI=10) were coated onto
Retronectin coated plates followed by centrifugation at 800g for 90 minutes. On day 2, the cells were examined under
fluorescence microscope for GFP signal. Results showed that >90% cells were GFP*. However, by day 3, green
fluorescence signal almost completely disappeared (Fig. 1). It is recognized that primary macrophages are resistant to gene
transduction (Sci Rep 10, 4181). We posited that the GFP* signal on day 2 came from the engulfed GFP+ lentiviral particles
in macrophages, which was degraded by day 3.
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Fig. 1. Transduction of mouse bone marrow derived CAR macrophages.

To improve the infection rate, we then tested the following conditions: 1) increasing the MOI from 10 to 100; and 2) using
different transduction reagents (Polybrene, LentiBOOST, and TransDux). However, none of the methods significantly
improved the yield of the transduced cells. We posited that inflammasome pathways or phagocytosis were activated in the
mature macrophage in response to viral infection. We also tried to use mouse bone marrow CD11b" cells, however similar
phagocytosis was induced by lentiviral infection. To avoid phagocytosis in the target cells, we switched to the infection of
mouse bone marrow mononuclear cells, followed by the induction of macrophages. To do this, we produced 1x108 lentivirus
and infected 1x107 mouse bone marrow mononuclear cells (MOI=10) in the presence of LentiBOOST. ~35% transduction
rate was achieved in the mononuclear cells. GFP" cells were sorted by flow cytometry and induced for macrophages using
M-CSF culture. However, BM mononuclear cells and macrophages did not expand in vitro, therefore after 7 days of
macrophage differentiation culture, only 1x10° CAR transduced mouse bone marrow derived macrophages were harvested.
This low yield rate makes the in vivo experiment impractical. We therefore decided to work with human macrophages and
test the amyloidosis clearance activities on the humanized AL amyloidoma mice model, which is also more clinically
relevant.

2. Generation of human CAR macrophages.

Previously, our lab has successfully established the protocol to generate primary human CAR macrophages. EV transduced
(GFP) and 11-1F4 CAR transduced macrophages were confirmed by flow cytometry staining of the cell surface markers
including CD33, CD45, CD64, CD14 & CD172a (Fig. 2).
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Fig. 2 Transduction of human CAR Macrophages.




We then confirmed the AL amyloid targeting/clearance function of CAR transduced human macrophages by in vitro amyloid
phagocytosis assay. For this purpose, we covalently labeled AL amyloid fibril with PH sensitive fluorescence dye pHrdo-
Red. As shown in the cartoon below, labeled amyloid fibril will only show red fluorescence under acidic PH environment
(PH<4) when it is engulfed into the phagosome for clearance. We incubated the labeled amyloid fibril with EV or 11-1F4
CAR macrophages for 3 hours and the phagocytosis of AL amyloid was detected under fluorescence microscope (Red
channel). As shown in Fig.3, CAR macrophages showed significantly enhanced phagocytosis activity against AL amyloid
fibril.
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Fig.3 Phagocytosis of AL amyloid by human CAR macrophages.

3. AL amyloid fibril specific targeting/recruiting of 11-1F4 tansduced human CAR macrophages in vivo.

Next, we expanded the human EV or 11-1F4 CAR macrophages for mice injection. NSG-SGM3 mice (n=5/group) were sub-
lethally irradiated followed by s.c. injection of lambda patient liver amyloid extract to establish the amyloidomas, followed
by macrophages injection. Contrary to the earlier publication that assessed amyloidoma burden through daily palpation
(American Journal of Pathology, Vol 157, No.4, p1239), we found that the subcutaneously injected amyloidomas could not
form solid lumps, preventing reliable measurements through palpation. The majority of amyloidomas tended to form semi-
solid flat masses within the cavity between the spine and loose skin, making accurate measurement through palpation
impossible. Wet weight of the amyloidomas was then assessed upon euthanizing the mice; however, the weight showed a
wide range of values with significant variations. We posit that this was due to the massive infiltration of mouse immune
cells, fluid, and possibly the human macrophages we injected into the amyloid tissues. Therefore, the wet weight does not
accurately reflect the actual amyloid burden. Direct labeling of the amyloid is necessary to enable precise quantification.

For the real-time monitoring and quantification of amyloid burden/clearance in vivo, we next tested the fluorescence labeling
of amyloid fibril using Dylight 555. As shown in Fig. 4A, lambda patient liver amyloid extract was labeled with Dylight 555,
and the fluorescence signal was confirmed by fluorescence microscope using the cy3 channel. Next, NSG-SGM3 mice
(n=5/group, female, 6-8 wks) were sub-lethally irradiated followed by s.c. injection of Dylight labeled lambda patient liver
extract to establish the amyloidomas, followed by macrophages injection. Upon injection, amyloid burden was examined
immediately by IVIS imaging (Fig. 4B), then followed up to 8 days. As shown in Fig. 4C, amyloid burden could be
successfully quantified and monitored based on ROI reading of the Dylight dye. However, there were no significant
acceleration of the amyloid clearance observed after injecting 11-1F4 CAR macrophages in comparison to saline control or
the empty vector transduced macrophage cells (Fig. 4C).

We next euthanized the mice and harvested the remaining amyloidoma together with the connected skin tissues for IHC
staining. However, only massive mouse macrophages instead of human macrophages were detected in the tissue, suggesting
that the human CAR macrophages failed to circulate or penetrate to the amyloidoma. NSG-SGM3 mice express human GM-
CSF and IL3, both of which also activate mouse macrophages (Res Vet Sci 2021 134:137-146). This explained the high
baseline mouse macrophage infiltration to the amyloidoma, but also suggested that it would be challenging to observe the
effects of human CAR macrophages in this model. In the previous CAR macrophage study (Nature Biotechnology volume
38, pages947-953 (2020)), the CAR macrophages were given to the mice by either intratumorally, or i.p. or i.v. together with
the target tumor cells. CAR macrophages circulation or recruitment to the target has never been addressed systematically,
given that in all the tests so far CAR macrophages were directly administrated to the tumor. Therefore, CAR macrophage
injection route in this s.c. amyloidoma model needs to be further explored to facilitate their circulation to the amyloidomas.
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Fig.4 Real-time AL amyloidoma mice model. (4) Lambda patient liver amyloid extract was labeled with Dylight 555, and the

fluorescence signal was confirmed by fluorescence microscope using the Cy3 channel. (B) NSG-SGM3 mice received s.c. injection of
Dylight labeled amyloid extract, and then imaged by 1VIS. (C) Dylight signal was monitored at the indicated timeline.

In summary, in this project, we established the novel approach to produce human anti-AL amyloid CAR
macrophages and verified their amyloid clearance function in vitro. We also established the novel human AL
Amyloidoma mice model enabling the human macrophages in vivo activities study and the real-time
quantification of amyloid burden in NSG-SGM3 mice. We tested the in vivo amyloid clearance/targeting of
human CAR macrophages on this model but did not observe the accelerated amyloid clearance by CAR
macrophages. Further study demonstrated that the lack of sufficient recruitment of human macrophages to the
amyloidoma was responsible for this outcome. Given that mouse macrophages are activated in this NSG-SGM3
mice, and the unknown CAR macrophages circulation/fate in mice, it is concluded that the macrophage
injection route needs to be further explored to facilitate their targeting to the s.c. amyloidoma.
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4. IMPACT:

What was the impact on the development of the principal discipline(s) of the project?

In this project, we established the novel approach to produce human CAR macrophages and verified their amyloid
clearance function in vitro. We also established the novel human AL Amyloidoma mice model which enables the
human macrophages in vivo activities study and the real-time quantification of amyloid burden in NSG-SGM3 mice.
We tested the in vivo amyloid clearance/targeting of CAR macrophages on this model but did not observe the
accelerated amyloid clearance by CAR macrophages. Further study demonstrated that the lack of sufficient recruitment
of human macrophages to the amyloidoma was responsible for this outcome. Given that mouse macrophages are
activated in this NSG-SGM3 mice, and the unknown CAR macrophages circulation/fate in mice, it is concluded that
the macrophage injection route needs to be further explored to facilitate their targeting to the subcutaneously inoculated
amyloidoma.
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