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Chimeric antigen receptor (CAR)-T cell therapy has transfmed pediatric oncology by
producing high remission rates and potent effects in CD1€ B-cell malignancies. This
scenario is ideal as CD19 expression is homogeneous and hunmablood provides a
favorable environment for CAR-T cells to thrive and destrogancer cells (along with
normal B cells). Yet, CAR-T cell therapies for solid tumor&main challenged by fewer
tumor targets and poor CAR-T cell performances in a hostileutmor microenvironment.
For acute myeloid leukemia and childhood solid tumors such s osteosarcoma, the
primary treatment is systemic chemotherapy that often fal short of expectation
especially for relapsed and refractory conditions. We ainotdevelop a CAR-T adaptor
molecule (CAM)-based therapy that uses a bispeci c small-mlecule ligand EC17,
uorescein isothiocyanate (FITC) conjugated with folic ad, to redirect FITC-specic
CAR-T cells against folate receptor (FR)-positive tumorsAs previously con rmed in
rodents as well as in human clinical studies, EC17 penetragesolid tumors within minutes
and is retained due to high af nity for the FR, whereas unbouth EC17 rapidly clears
from the blood and from receptor-negative tissues. When comimed with a rationally
designed CAR construct, EC17 CAM was shown to trigger CAR-mdi ed T cell activation
and cytolytic activity with a low FR threshold against tumotargets. However, maximal
cytolytic potential correlated with (i) functional FR lele (in a semi-log fashion), (ii) the
amount of effector cells present, and (iii) tumors' naturadensitivity to T cell mediated
killing. In tumor-bearing mice, administration of EC17 CAMvas the key to drive CAR-T
cell activation, proliferation, and persistence against®C pediatric hematologic and solid
tumors. In our modeling systems, cytokine release syndroméCRS) was induced under
speci ¢ conditions, but the risk of severe CRS could be easjl mitigated or prevented
by applying intermittent dosing and/or dose-titration stategies for the EC17 CAM.
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Luetal. Bispeci ¢ Adaptor Controlled CAR-T Therapy

Our approach offers the exibility of antigen control, pregnts T cell exhaustion, and
provides additional safety mechanisms including rapid rersal of severe CRS with
intravenous sodium uorescein. In this paper, we summarizeghe translational aspects
of our technology in support of clinical development.

Keywords: folate receptor, chimeric antigen receptor, CAR-T adaptor molecule, acute myeloid leukemia,
osteosarcoma

INTRODUCTION human tumor xenograft models of ovarian canceg,(23), triple-
negative breast cancer (TNBC}4j, gastric cancer25), and
Personalized medicine in pediatric oncology has reached AML (17). An early Phase 1 study with a BRpeci c CAR
pivotal milestone with the recent approval of CDlQ—directedT cells (MOV19-4-1BB-C|I) was conducted in ovarian cancer
chimeric antigen receptor (CAR)-T cell therapies for certainpatients ¢6) and is being re-launched by intraperitoneal delivery
B-cell malignancies 1( 2). The high remission rate (70— (ClinicalTrials.gov identi er: NCT03585764).
90%) seen with this technology is not without serious side Based on original research from Philip Low's laboratory
e ects, including B-cell aplasia and high risk of cytokinesigde at Purdue University, we are developing a CAR-T adaptor
syndrome (CRS)J). In addition, antigen-escape variants of themolecule (CAM)-based therapy that exploits a tumor-targeting
disease also contribute to relapses in some patients whoreegiui ligand linked to a chemical CAR target antigen (uorescein
di erent CAR-T cell product ¢). On the other hand, continuing jsocyanate, FITC) to redirect FITC-speci c CAR-T cells again
e orts are being made to develop similar modalities for acutecRC tumors (7). EC17 (folate-FITC Figure 1A) is a low-
myeloid leukemia (AML) and for pediatric solid tumors such asmolecular-weight ligand (m.w. 873) that has been given to
osteosarcoméb( 6). Although AML is usually found in blood and  renal cell carcinoma patients vaccinated against FIZE 29).
bone marrow, it can seed skin and viscera and present as tumgi mice as well as in human subjects, EC17 penetrates solid
masses termed chloromag, (8). Among early-phase clinical tumors within minutes and is retained due to high a nity
trials ongoing in adult AML patients, a CD123-directed CAR-for the FR; whereas, unbound EC17 rapidly clears from the
T cell treatment (CIinicaITriaIs.gov identi er: NCT021595) is blood and from receptor-negative t|ssu%’(30) Furthermore’
showing promising antitumor activity with low grade CRS andgC17 was evaluated as an intraoperative imaging agent fbr rea
no on-target/o -tumor tOXiCity reported to dateS(). Since CD123 time uorescence_guided surgery Sparing adjacent nornsaites
is a rare target overexpressed by AML blasts, a compound CAR1, 32). In metastatic ovarian cancer patients, intravenously
T-cell strategy targeting both CD123 and CD33 is also beingdministered EC17 exquisitely “painted” the metastatitmhes
considered {0). However, CD33 is a normal myeloid surfaceembedded in omentum which were histologically con rmed ®b
antigen that likely requires gene editing to avoid myelasite  FRC malignant cellsigure 1B). While employed as a bispeci ¢
tOXiCity and severe CRS driven by on-target/o -tumor action CAM, EC17 serves the important function of “painting" ER
of CD33 CAR-T cells :(l) For osteosarcoma, suitable tumor tumors, engaging, and redirecting F|TC_Speci ¢ CAR-T cells
targets are limited, but HER2, GD2/GD3, and NKG2D CAR-in close proximity Figure 10. In NSG mice bearing human
T cell treatments have been under investigatian §, 12). TNBC xenografts, EC17 plus CAR-T cell therapy showed curable
For CAR-T cell therapies in general, solid tumors remain aantitumor activity. Subsequently, we found this approach was
signi cant therapeutic challenge due to the lack of idealige  able to elicit FR-dependent antitumor activity with low or
targets, inter/intra-patient tumor heterogeneity, poor CARell  no adverse reactions against multiple cancer types of di erent
in Itration/function, and the presence of an immunosuppressi  histology, including ovarian cancer and renal cell carcimom
microenvironment (.3, 14). But under de ned conditions such as a high CAR-T cell dose
The human folate receptor (FR) exists in multiple isoformsand EC17 overtreatment, severe CRS could be indugéd (
but only FRa and FRb are cell-surface glycoproteins with Fyrther testing revealed that severe CRS can be mitigated or
potential utility for cancer treatment. RRis mostly expressed even prevented by gradually increasing subsequent EC13 dose
on epithelial cancer types including ovarian, cervical, fe®@#l  following the initial CAR-T cell administration. Additional| we
carcinoma, non-small cell lung cancer, and triple-negalik@ast  also discovered that intravenous sodium uorescein can s
cancer (5. FRa is also present on the apical surfaces of ap temporarily displace CAR-T cells from their targets to qujck
few normal epithelia (e.g., proximal tubules, choroid plexusyeverse the CRS symptoms within hougs)
and bronchioalveolar Ce”S)16). FRo is eXpreSSGd on a few Previous|y’ we used a GEP Second_generation anti-
hematologic malignancies including AML and on a subset of|TC scFv (clone 4M5.3) CAR containing the hinge and
tumor-associated macrophages (TAM)A-19). An early report  transmembrane sequences of GDé&nd 4-1BB/CD3 signaling
suggested that osteosarcoma frequently express(E®, and, domains (i.e., FITC-4M5.3-scFv-CBSinge-CD&tm-4-
FRo C TAMs (internal communications) have also been observed BB/CD%) (27, 33). For translation into rst-in-human testing,
in treatment-refractory osteosarcoma metastasig. (Moreover, g second-generation fully human FITC-speci ¢ (clone E2) CAR
CAR-T cell therapies directed against&Rr FRo have been construct (herein refer to as E2-CAR in short) was synthegsiz
explored using dierent antibodies and CAR constructs in(Figure 1D, top diagram) and CAR-modi ed T cell${gure 1D,
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Adapted from “Infraoperative imaging of folate receptor alpha posiiive ovarian and breast cancer using the tumor specific agent
EC17," by Tummers et al., 2016, Ontarget, 7(22), p. 32148. Copyright 2016 by Creafive Commons. Adapled with permission.
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FIGURE 1 | Components of CAR-T adaptor molecule (CAM)-based immuno#rapy. (A) Chemical structure of EC17 CAM (folate-FITC, m.w. 873)B) Ovarian cancer
metastatic omental lesions identi ed by EC17 (green) during uorescence-guided surgery and subsequently con rmed of FRa expression by immunohistochemistry.
(C) Diagram to show bispeci ¢ engagement of CAR-modi ed T cells wih FRC tumor cells. (D) Top: A fully human CAR construct comprised of anti-FITC scFelpone
E2), a full-length 1gG4 spacer [Fc derived hinge-CH2(L235M297Q)-CH3], CD28tm transmembrane domain, 4-1BB/CD2 cytoplasmic activation domains, and a
non-functional truncated cell surface polypeptide of epidrmal growth factor receptor (EGFRt). Bottom: Examples of B4/CD8 T cell phenotyping performed by ow
cytometry on an EGFRt-sorted (left pie charts) CAR-T cell gparation and an unsorted “clinical facsimile” (right pietwarts). The color keys are as shown.

bottom pie charts) were provided by The Jensen laboratorgf FRb-positive (THP1-FR) and FR-negative (THP1-FG12)
at Seattle Children's Research Institute (SCRI) for predinic cell lines were kindly provided by Dr. Manohar Ratham (The
evaluations §4). To establish proof-of-concept, we conductedUniversity of Toledo, Toledo, OH). Both were established from
a series ofn vitro and in vivo studies using a range of ER THP-1 (ATCC, TIB-202), a commonly used cell model for
and FR-negative tumor cell lines with special focus on thoseesearching pediatric AML which was originally derived from
derived from pediatric AML and osteosarcoma. Using clinicall a 1 year-old male infant with acute monocytic leukemia. For
relevant EC17 dosing regimens, we investigated key vasablosteosarcoma studies, HOSd&Ras established by lentiviral
that contribute to the overall e cacy and risk of CRS toxicity transduction of FR-negative HOS-143b (ATCC, CRL8303) with
in FRC tumor models of TNBC, AML and osteosarcoma. AsFOLR1 gene encoding the human &RH10S-143b is originally
reported herein, these included CAR-T cell dose, EC17 dose/d established from a primary tumor of a 13 year-old Caucasian
frequency, impact of dietary folate, tumor vs. tumor-fressh@s female and highly tumorigenic in NSG mic&5). The GFP-
well as pharmacokinetics and tumor uptake of CAR-T cells. expressing bioluminescent pairs of ERHOS-FRUC and FR-
negative HOS-1438'° were transduced with lentiviral rey

MATERIALS AND METHODS luciferase and produced in the Jensen laboratory.
) LEGENDpleXxM human cytokine panels were purchased from
Cell Lines and Reagents BioLegend (San Diego, CA). The lactate dehydrogenase (LDH)

Unless otherwise noted, all ERand FR-negative cancer cell linesbased CytoTox 98 non-radioactive cytotoxicity assay kit was
were, respectively, maintained in RPMI-1640 medium (Gibcgurchased from Promega (Madison, WI). Commercially available
BRL) supplemented with 10% heat-inactivated fetal calf serumnti-human antibodies used for multicolor ow cytometry
without (FFRPMI) or with (RPMI) 2.4nM folic acid (FA). KB were: CD45RA (clone HI100), CD45RO (clone UCHL1), CD4
(FRa-expressing human cervical carcinoma with HeLa markersfclone SK3), and CD69 (clone FN50) from Thermo Fisher
and CHO+b (Chinese hamster ovary cells transfected with humarscienti ¢ (Waltham, MA); CD3 (clone SK7), CD& (clone
FRb) were used as the sources ofa=&d FRb for radioligand RPA-T8), CD137/4-1BB (clone 4B4-1), CD25 (clone M-A251),
binding assays, respectively8. MDA-MB-231 represents a PD1 (clone EH12.1), LAG3 (clone T47-530), and TIM3 (clone
FRaC subclone of human TNBC cell line. For AML studies,7D3) from BD Bioscience (San Jose, CA); biotinylated anti-
the green uorescent protein (GFP)-expressing isogenic pailsuman EGFR (Cetuximab, clone Hul) from R&D systems

Frontiers in Oncology | www.frontiersin.org 3 March 2019 | Volume 9 | Article 151


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Luetal. Bispeci ¢ Adaptor Controlled CAR-T Therapy

(Minneapolis, MN); and FR (clone LK26) from BioLegend 5, 10, 20, and 40nM ofH-EC17 in FFRPMI for 2h at 3T.
(San Diego, CA). A uorophore-conjugated anti-biotin wasal Afterwards, the cells were rinsed with phosphate-bu ered salin
purchased from BioLegend. APC-conjugated anti-FITC mouséPBS, pH 7.4) and lysed with 1% sodium dodecyl sulfate. The
IgG2a/kappa antibody (clone NAWESLEE), CountBright whole cell lysates were quantitated for the level of radiviayg
beads (Invitrogen), Annexin V staining bu er, and AlexaFtuo and cellular protein content by standard Pierce BCA protein
647-conjugated Annexin V were purchased from Thermo Fisheassay. The number 6H-EC17 molecules bound per cell was
Scienti c. For enzymatic digestion of tumor tissues, cgdlaase calculated to determine the dissociation constants (Kd) for
IV, hyaluronidase and DNase | were all purchased from Sigma-Ra (KB) and FRB (CHO-b), respectively. To determine the
Aldrich (St. Louis, MO). Kd value of3H-EC17 to e ector cells, two million E2-CAR-
EC17 or folate-FITC [FA{)-ethylenediamine-FITC] was T cells (100% EGFRt 1:1 CD8/CD4 ratio) were incubated
synthesized at EndocytéH-EC17 was either purchased from (1.5 h, room temperature) with 2-fold serial dilutions¥-EC17
Moravek Biochemical (Brea, CA) at a speci c activity 0d.952 (0-1,000 nM) with or without 500x excess nonradiolabeledidto
Ci/mmol or prepared at Endocyte by conjugating FITC with EC17 in 150rL of T cell culture medium [TexMACB! medium
3H-FA-(g)-ethylenediamine made by ViTrax (Placentia, CA) at(Miltenyi biotec, Auburn, CA) supplemented with 2% heat-
a speci ¢ activity of 1.2 Ci/mmol.3H-FA was also purchased inactivated human AB serum]. Afterwards, the cells were wdsh
from ViTrax at a specic activity of 59 Ci/mmol. For CRS 4x with PBS, lysed with 0.1% Triton X-100 plus 0.1 N NaOH
rescue, sodium uorescein dosing solution was diluted frakx  and counted in a scintillation counter. The specic binding
FLUORR 25% ( uorescein injection, USP) which was purchasedturve was generated by subtracting non-speci ¢ bindifg-(
from Purdue Pharmacy (NDC 17478-250-25). EC17 plus “cold” EC17) from total bindingd-EC17) at each
concentration of the radioligand.
Humanized CAR Construct and
CAR-Modied T Cells Co-culture Experiments
Developed by the Jensen team, a FITC-speci c CAR construdio investigate EC17 CAM actioim vitro, pure EGFRt-sorted
was comprised ofl a fully human anti-FITC scFv (clone E2, Kd CD4 and CD8 CAR-T cells were admixed in a 1:1 ratio
D 0.75nM), @) an IgG4 hinge-CH2(L235D, N297Q)-CH3 spacerand matching mock-transduced T cells were included per
fused to a CD28-transmembrane domaifi6), (3) a second- experimental design. Other than ERR isogenic pairs of AML
generation 4-1BB/CDBendodomain, and 4) a cell-surface and osteosarcoma cell lines, we added KB, MDA-MB-231 and
human EGFRt tag, as published previoushy)( To generate OV90 to represent dierent histological tumor types and FR
CAR-modi ed T cells, lentivirus was produced in 293T cells co expression levels. All ERtarget cell lines were subjected to
transfected with CAR-encoding epHIV7 lentiviral vector. s~ a direct >H-FA binding assay to quantitate the number of
CD4C and CD& T cells were puried by immunomagnetic FR molecules bound/celB§). Prior to co-culture experiments,
selection and transduced separately or at a 50:50 ratiorierge ~ cryopreserved CAR-T cells were allowed to recover for 2-3
only one round of CD3/CD28 bead activation followed by onedays in T cell culture medium. All e ector and target cells
or two rounds of rapidin vitro expansion were carried out. For were pre-washed with FFRPMI to remove any exogenous FA
preclinical evaluations, several batches of EGFRt-sorted, CDthat could compete against EC17. Short-term co-culture istid
CDS8 and unsorted CD4/CD8 CAR-T cells were used. All CARof 3 days were carried out in FFRPMI without adding any
T cell preparations were analyzed prior to cryopreservation an@xogenous cytokines.
after thawing to determine EGFRt expression and CD4/CD8 For an EC17 dose response study,CFRancer cell lines
ratios by ow cytometry. Using combinations of surface mark, (KB, MDA-MB-231, HOS-FR, THP1-FR, OV90) were co-
di erentiation status of CDL£ and CD& CAR-T cell subsets cultured with EGFRt-sorted E2-CAR-T cells at an e ector-to-
on the day of infusion was analyzed and dened ag, T target(E/T) ratio of 1:1in the presence of EC17 ranging frafin O
CD45RAC CD45RO- CD62C CD95— naive T cells; sty,  PM to 100mM in 10-fold increments. After 24 h of co-culture,
CD45RAC CD45RO- CD62C CD95C stem cell memory T supernatants were harvested to determine target cell killpg b
cells; v, CD45RA- CD45RQC CD62LC CD95C central Promegas CytoTox 96 LDH assay kit and expressed as speci ¢
memory T cells; Eu, CD45RA- CD45RQ CD62L- CD9E  lysis (%) normalized to basal levels in the absence of EC17. To
e ector memory cells; and grr, CD45RAC CD45RO- CD62L—  study the kinetics of T cell activation and FR correlatiarvitro,
CD95C e ector T cells. For preclinical testing described belowco-cultures were carried out in ER- cell lines at varying E/T
we employed two batches of EGFRt-sorted pure CD4 anthtios (1:27,1:9, 1:3,1:1, 3:1) in the continuous presef@ Vi
CD8 subsets (after mixing at 1:1 ratios) and two batcheEC17. The kinetics of target cell killing (i.e., % speci c lygisje
of unsorted 1:1 EGFRE CD4/CD8 admixture including a quanti ed after 16 and 48 h of co-culture and normalized tshha
“clinical facsimile” preparation with low di erentiation proes.  levels in the absence of EC17 at de ned E/T ratios. Meanwhile,
a portion of the supernatants was taken after 44 h of co-culture
EC17 CAM's Bispeci c Af nity for measurement of IFly, IL-2, and TNFa. The LEGENDpleX*
The bispeci ¢ a nities of EC17 CAM were assessed usitty  human Th1 cytokine panel (BioLegend, San Diego, CA) was used
EC17 in cell-based radioligand binding assays. For binding to determine CAR-T cell derived cytokines.
FRC targets, KB and CHQ» cells were pre-seeded overnight To study CAR-T cell activation in the presence of&Rimor
in 24-well tissue culture plates and incubated with 0.1, @,5, cell targets, co-culture experiments were initially carrieat
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with MDA-MB-231, THP1-FR, and HOS-FR. After a 30min  were analyzed for the presence of human GODEGFRC CAR-
exposure to media containing 100 nM EC17, all target celleweiT cells by ow cytometry. Moreover, we analyzed phenotypic
washed and then incubated at 1:1 E/T ratio with EGFRt-sortedhanges of E2-CAR-T cells in the circulationsgh, Tcm, Tewm,
E2-CAR-T cells (1:1 CD4/CD8) or mock transduced control Tand Tegp and the activation status of tumor-in Itrating CAR-T
cells. After 24 h of co-culture, the oating and adherentisalere cells (i.e., CD137/4-1BB, PD1).

harvested and pooled. The surface expression of T cell dotivat

markers CD69, CD137 (4-1BB), and PD1 were analyzed by okrlow Cytometry ex-vivo

cytometry. For T cell exhaustion studies, ERKB, MDA-MB-  For CAR-T cell analysis in the circulation, plasma was removed
231, HOS-FR™UC, THP1-FRb) and FR-negative (HOS-1488°,  from a predetermined volume of whole blood collected into
THP1-FG12) tumor cell lines were used as targets. Heregtargtubes containing ethylenediaminetetraacetic acid aaijtdant.
cells were incubated on day 0 without or with 0.1 and 10 nM ofAfter lysing red blood cells, leukocyte pellets were re-suspknde
EC17 for 30 min at 37C and the status of EC17 “pre-loading”wasin a ow cytometry staining solution comprising 1% bovine
assessed by counterstaining cell-surface EC17 with asFé@  serum albumin, 50 mg/mL human 1gG (Equitech Bio) and 0.09%
antibody. Three days later, the surface expression of PDG3,A sodium azide. The samples were stained for human leukocyte
and TIM3 inhibitor receptors on co-cultured CAR-T cells weresurface markers (CD3 CD4, CD&, CD45RA, CD62L) and
analyzed and higher frequencies of double- and triple-pesiti biotinylated anti-human EGFR (cetuximab) followed by a
cells were considered approaching an exhausted phenodgpe ( uorophore-conjugated anti-biotin secondary antibody. o
As tumor cells used in this study showed variability of dongl analysis of tumor-in Itrating CAR-T cells, pre-weighed fresh
times, target cell apoptosis (%) was measured as Annegin Vtumor fragments were nely minced and enzymatically digdste
after 2 days of co-culture and normalized against backgdounwith a digestion cocktail consisting of 0.5 mg/mL collagerigse
levels of apoptosis of target cells cultured under the sam@5 mg/mL hyaluronidase and 0.1 mg/mL DNase | in serum-

conditions in the absence of T cells. free FFRPMI with vigorous shaking for 1 h at & Afterwards,
tumor cell pellets underwent a red blood cell lysis step, washed
Tumor Models with cold PBS and lItered through a 48m nylon cell strainer.

All animal care and use were performed according to NIHThe resulting single cell suspensions were stained for EGFRt
guidelines and in compliance with protocols approved by theand human leukocyte markers, CD137/4-1BB and PD1. A
Purdue University Animal Use and Care Committee. Femalgninimum of 20,000 propidium iodide negative live cell events
4 to 5-weeks-old NOD/SCID gamma (N$¥) mice (stock were collected on the Gallios ow cytometer and analyzedwit
number: 005557) were purchased from The Jackson Laboratofiye Kaluza software, version 2.1 (Beckman Coulter, Breg, CA
(Bar Harbor, ME). Unless speci cally indicated, all animalsave CAR-positive T cells were identi ed in mouse blood as human
maintained on a FA-de cient diet (TestDiet, St. Louis, MO) upo CD3+C EGFRC events and absolute numbers per volume of
arrival and throughout the study. To establish subcutareoublood were calculated using equal numbers of CountBfitjht
xenografts, MDA-MB-231 and HOS-ERwvere implanted in the beads (Invitrogen, Carlsbad, CA) added to each sample. The
right ank region at 25 1P and 1  10F cells per animal, number of tumokin Itrating CD3+C EGFRE CAR-T cells was
respectively. For intravenous xenografts, THPIbFRIIs were expressed & total viable tumor cells analyzed.

inoculated at 5 1P cells per animal. Subcutaneous tumors

were measured 2—3 times per week with a caliper and calculatddimor Therapies

using the ellipsoidal formula (length x widt)i2. Euthanasia In a therapeutic setting, EC17 CAM can theoretically be given
was performed per study design or when (i) the animals hagefore or after CAR-T cell injection3@). For all intended

lost  20% of body weight or approached moribund conditions,purposes here, we administered the rst dose of EC17 2-3.5 days
(i) subcutaneous tumors reachedl,500 mnt in size, or (i)  after CAR-T cells to allow for an observation period of human
animals displayed signs of swollen belly and severe distre$scells in tumor-bearing mice. Two batches of unsorted E2-
(i.e., THP1-FR). All animal doses (CAR-T cells, EC17, sodiumCAR-T cells (23% or 39% EGRRt1:1 CD4/CD8) were used

uorescein) were given intravenously. for in vivo studies. On the day of infusion for each experiment
. . . (day 0), frozen CAR-T cells were quickly thawed at@Avashed

Kinetics of CAR-T Cell Expansion and 2x with Dulbecco's 1X PBS (pH 7.4) and injected into the tail

Tumor Uptake veil at desired EGFRYE2-CAR-T cell doses. In addition, a smalll

To study CAR-T cell expansian vivo, we started with 15 MDA-  aliquot of CAR-T cells was analyzed by ow cytometry for CD4
MB-231 tumor bearing mice having4.8 million EGFRt-sorted to CD8 ratio and di erentiation status of CAR-T cells. On the
E2-CAR-T cells (1:1 CD4/CD8) injected on day 0. When therst day of EC17 dose, tumor-bearing animals were randomly
tumor sizes averaged aB50 60 mn? on day 2, up to 6 weekly assigned into groups according to their tumor sizes or theesam
doses of EC17 at 500 nmol/kg were given on days 2, 9, 16, 28imber of days post intravenous implantation (i.e., THP18ER
and 30. Foex-vivoanalysis, 3 animals were taken before the next For MDA-MB-231 studies, mice received a high dosel(
EC17 dose ondays 9, 16, 23, and 30 for a total of 4 collecons. million) of a “clinical facsimile” of E2-CAR-T cells @$9%
comparison, we also gave the same EC17 dose to 3 CAR-T miEE&FRC) with a low di erentiation pro le. Two days later, we
thathad 4.4 larger tumor sizes on day 2 (L1555 79 mn¥).  started them with 3 di erent treatment regimens of EC17 at an
For each collection, fresh blood and tumor samples (if aviE)ab average tumor size of 293 39 mn?. The EC17 dosing was
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given once-a-week (SIW) at 500 nmol/kg on Mondays, or asveight loss 27, 33 34). Therefore, we developed a CRS grading
escalating doses of 5, 50, or 100, and 500 or 1,000 nmol/kg sgstem (0-5 scale) to empirically assess CRS toxicity from
Monday, Thursday, and Monday with a 6 day break in-betweemnimals' gross morphology and social behavior to allow fatdse
cycles. Control mice were left untreated (received CARA{ISce timing of CRS rescue. While grades 0 and 5 indicated normal
but no EC17). For comparison, a cohort of tumor-free littetes  (no CRS) or death (due to severe CRS), respectively, grades 1,
also received the same number of CAR-T cells without or witl2, and 3—4 were considered mild, light-to-moderate, ancesev
EC17 SIW at 500 nmol/kg. To study the e ect of high dietaryCRS. In addition, all EC17 doses were intentionally given tdwa
folate, two sets of NSG mice were placed on either a FA-repletee end of any given day to allow potential CRS symptoms to
diet (4 mg/kg, Envigo, Indianapolis, IN) or a FA-de cient die develop overnight. On the days immediately following eaC1E
(TestDiet, St. Louis, MO) upon arrival. On day 0, both sets ef th dose, animals were scored and rescue agents such as sodium
mice received 10 million of the same “clinical facsimile” CAR-T uorescein, folic acid and leucovorin were used to mitigate€
cells followed by no EC17 or EC17 SIW at 500 nmol/kg startingoxicity (33). In this particular instance, a batch of E2-CAR-T
on day 3. On the rst day of EC17 administration, MDA-MB- cells with a high EGFRX CD4/CD8 ratio ( 93:7) was given
231 tumors size averaged around49 184 mn? (280-918 to HOS-FRx tumor-bearing mice at a mixture of 2.5 million
mm?q) in FA-replete mice, and 559 165 mn? (356-961 mm) CD8 and 33 million CD4 on day 0. When EC17 was dosed,
in FA-de cient mice. respectively, at 500, 100, and 500 nmol/kg on days 3, 10, and
For AML studies, mice were intravenously infused with12, low CRS (grades 1-2) was noted on days 4 and 11 but high
THP1-FRb tumor cells 1 day prior to receiving a low dose of CRS (grade 3) was noted on day 13. To mitigate the severe CRS
6 million E2-CAR-T cells (23% EGFRE). At 3.5 days toxicity, sodium uorescein was intravenously administratet
post CAR-T cell infusion, EC17 was dosed in 3 di erent ways 96 mg/kg in the morning of day 13 and mouse plasma samples
including (i) SIW at 500 nmol/kg, (ii) thrice at 5/50/500 nrifkg  were collected 6 h later for analysis of CRS-associatediogtk
on Monday/Wednesday/Friday followed by a 9 day break in o
between cycles (TIW On/O ), and iii) as escalating doses oStatistics
5/10/100 nmol/kg in Cycle 1, 5/30/300 nmol/kg in Cycle 2, andStatistical analyses were performed using the computer program
5/50/500 nmol/kg in Cycle 3, all on Monday/Thursday/Monday GraphPad Prism (GraphPad Software Inc., San Diego, CA). Data
with a 6 day break in between cycles (M/Th/M, On/O ). On day Were analyzed using Studentdest or one-way ANOVA. If
31, satellite animals were harvested for quanti cation #Rc  applicable, data were further analyzed across treatmentpgrou
positive T cells identi ed in the mouse blood as human GB3  using appropriate multiple comparison post-tegp.< 0.05 was
EGFRE events and calculated as absolute numbers pemd00 considered statistically signi cant in all tests.
of whole blood. Upon euthanasia or at the end of study on
day 38, total tumor load in THP1-HRtumor-bearing mice was RESULTS
assessed by measuring GFRimor cells in the blood by ow L
cytometry and collecting liver weight (with metastaticitess) ~ Principal Components of CAM-Controlled
and total weight of nonliver macrometastases found in theypo CAR-T Cell Therapy
cavities. Tumor fragments of liver metastases were enzgatigt The basic components of our CAR-T cell therapy involve FITC
digested into single-cell suspensions and viable cell populati as the pseudo tumor antigen, the high anity EC17 CAM,
were analyzed for the status of CAR-T cell exhaustion usiig a and a rationally designed anti-FITC CAR and CAR-modied T
human PD1, LAG3, and TIM3 (clones EH12.1, T47-530, andells Figure 1). To our advantage, the bispeci ¢ engager, EC17,
7D3, respectively). has already been tested in the clinic for immunotherapy and
For osteosarcoma study, two cohorts of mice wer@ptical imaging purposes?g, 29, 32, 40). To directly quantify
subcutaneously implanted with HOS-BERtumor cells 3 its bispecic binding a nities, 3H-EC17 was synthesized and
days prior to receiving 6 million of the same CAR-T cell radioligand binding assays were carried out on KB and CBIO-
preparation used in the THP1-HRstudy. At 3.5 days post cell lines representing FIC and FRC target cells, respectively,
CAR-T cell infusion, one cohort of mice was given up to 3 cycleand on E2-CAR-T cells representing the e ector cells. When
of EC17 at 5/10/100 nmol/kg in Cycle 1, 5/30/300 nmol/kgbinding to its targets, EC17 demonstrated similar a nities
in Cycle 2, and 5/50/500 nmol/kg in Cycle 3, all following thetoward both FR and FRb with low Kd values of 1.7 and 0.8 nM,
Monday/Thursday/Monday regimen with a 6 day break in-respectivelyKigure 2A). Upon binding to unsorted E2-CAR-T
between cycles. At the end of study, circulating GOEGFRC  cells ( 100% EGFRI, 1:1 CD8/CD4 ratio), the Kd value was
CAR-T cells per 100mL of mouse blood were enumerated. estimated at 142 nM (Figure 2B).
HOS-FRa tumors (C/- EC17 treatment) were also harvested Amid a series of dierent CAR constructs synthesized
and digested for ow cytometric analysis of tumor-in ltratg  and evaluated by the Jensen team, a fully human anti-FITC

CAR-T cells. scFv (FITC-E2) CAR was chosen for preclinical development
o (Figure 1D). This second-generation fully human CAR consisted
Toxicity and CRS Rescue of anti-FITC scFv (clone E2), an IgG4-Fc spacer/hinge with

Depending on the CAR-T cell dose and how EC17 iglouble mutations in the CH2 region (L235D and N297Q) to
administered, tumor-bearing mice receiving FITC-speciBR-  reduce binding to FgR (36), a CD28 transmembrane domain,
T cells can experience severe CRS and varying degrees of badygl 4-1BB/CD2 signaling domains appended to a cell-surface
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FIGURE 2 | EC17 CAM's bispeci c af nity and dose response in CAR-T cell ativity against FRC tumor targetsin vitro. (A) Kd values of3H-EC17 uptake by FRC
target cells after a 2 h incubation at 37C (calculated from the numbers of molecules bound per celllB) Kd value of3H EC17 uptake by E2-CAR-T cells ( 100%
EGFRC, 1:1 CD8/CD4 ratio) after a 1.5 h incubation at room temperatéestimated from the speci c binding curve)(C) Shown are functional FR levels on tumor cell
measured by a3H-FA-based binding assay (100 nM, 1 h at 37C). (D) Full-range EC17 dose response in speci ¢ lysis (%) of 5 FR tumor cell lines co-cultured with
EGFRt-sorted CAR-T cells for 24 h at 1:1 E/T ratio(E) Maximum lysis (%) and EC50 values were obtained from the dosesponse curves tted up to 100 nM.

EGFRttag by a T2A ribosomal skip sequence (i.e., FITC-E2-scH-unctional FR Assessments
IgG4hinge-CD28tm-4-1BB/CDBT2A-EGFRt). For preclinical Besides pediatric cancer cell lines transfected with FHROS-
studies, both EGFRt-sorted and unsorted E2-CAR-T cellsRa) and FRy (THP1-FRb), we included cancer cell lines of
were prepared at 1:1 CD4/CD8 ratios, and T cell subtype di erent histology and FR expression levelBidure 20). As
phenotyping was routinely performed by ow cytometry at estimated by a radioligand binding assay (100#¥FA, 1 h at
the time of CAR T cell infusion (day 0) for eacim vivo 37 C), the ranking order of total available FRs on these cell lines
experiment. A typical expression pattern of EGFRt-sorted CARwas: 9 10" (OV90, a low-FR expressing ovarian cancer cell
T cells was comprised of both CD4 and CD8 subsets 42% line), 1.9 1P (THP1-FRb), 2.4 1P (HOS-FRU), 7 1P
Tscw 10% Tom, 12% Ewm, and 34% Err (Figure 1D, pie  (HOS-FRy), 2.1 10° (MDA-MB-231), and 4.8 1P (KB) FA
charts on the left). Only EGFRt-sorted CAR-T cells were usetholecules/cell. Also included as FR-negative controlewiS-
for co-culture and pharmacokinetic studies. For tumor theya  143814%) and THP1-FG12 parent cell lines. Thus, the general
we used a “clinical facsimile” batch with a low di erentiatio ranking of functional FR expression on co-cultured@Rancer
pro le (Figure 1D, pie charts on the right) for MDA-MB-231 cell lines was: KB MDA-MB-231> HOS-FRx > HOS-FRaLue
studies and a research batch for THP1bFBnd HOS-FR > THP1-FRb (AML) > OV90.

studies. The “clinical facsimile” batch 89% EGFRE) was ) )

comprised of CDE subsets at 66% Tscm and  32% Tow  High Potency of EC17 CAM in

and CD8 subsets at 95% Tscw and 3% Ewm. The research Effector/Target Cell Engagement in vitro

batch ( 23% EGFRT) was more di erentiated and comprised Monovalent EC17 in its free form (i.e., one FITC per FA ligand)
of CD4 subsets at 32%sgwm, 53% Tm, 11% Ewm, and 3.7% does not automatically activate anti-FITC CAR-T cel7)(
Terrand CD8 subsets at 44%dm, 0.28% Ewm, 3.4% Em, and  To study the robustness of CAR-T cell activation, 5GFRell
52% Terr lines (KB, MDA-MB-231, HOS-F& THP1-FR, OV90) were

Frontiers in Oncology | www.frontiersin.org 7 March 2019 | Volume 9 | Article 151


https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Luetal. Bispeci ¢ Adaptor Controlled CAR-T Therapy

used along with a wide range of EC17 concentration (0.1 pMell against a particular FR tumor target, and (iii) too much

to 100mM) at an E/T ratio of 1:1 Figures2D,B. Specic EC17 would interfere with CAR-T cell engagement leading to
lysis (%) was quanti ed by Promegas LDH cytotoxicity assaylecreased target cell death.

kit after 24 h of co-culture. In all cell lines, EC17-dependen . .

cytolysis followed a bell-shaped dose response with a sontewaC17/FR-Dependent CAR-T Cell Activation

broad concentration plateau (0.1nM to 1mM) (Figure 2D). and Exhaustion in vitro

When the dose-response curves were tted to the summiTo examine antigen-dependent CAR-T cell activation, we
(up to 100nM), half-maximal e ective concentrations (B¢ initially pre-loaded MDA-MB-231, THP1-FR and HOS-FR
were obtained at 4.5 pM (MDA-MB-231), 5.3 pM (KB), 15cells with 100nM EC17 over 30min. The cells were washed
pM (THP1-FRo), 30 pM (HOS-FR), and 418 pM (OV90), and then incubated at 1:1 E/T ratio with either EGFRt-sorted
respectively. However, maximal lysis obtained for eachlicell E2-CAR-T cells (1:1 CD4/CD8), or mock transduced control
ranked di erently at 45% (MDA-MB-231), 27% (THP1-BR T cells. After 24h of co-culture, we measured the surface
18% (HOS-FR), 15% (OV90), and 11% (KBJFigure 2B. The  expression of T cell activation markers CD69, CD137 (4-1BB),
low EC50 values in general suggested that EC17 was higldpid PD1 Figure 4A). EC17-preloaded MDA-MB-231 and HOS-
potent in triggering FR-speci c target cell lysis by activhte FRa were strong activators of our CAR-T cells. THP1H-¢lls,

E2-CAR-T cells. which express 11-fold lower FR compared to the MDA-MB-
. . 231 cells, did trigger CAR-T cell activation, but at lowerelsv

Correlation of FR Levels With Target Cell Importantly, the mock control T cells were not activated under

Lysis and Cytokine Production these conditions. As some ERtumor types (e.g., KB) display

To expand our investigation into FR dependency, ZHMDA-  a natural resistance to killing by EC17-directed CAR T cells
MB-231, KB, HOS-F& THP1-FR, OV90) and 1 FR-negative (Figures 2 3), we studied T cell activation vs. exhaustion as a
(HOS-143b) cell lines were co-cultured in the continuousmechanism of EC17 CAM action. Both ER(KB, MDA-MB-
presence of 10nM EC17 with E2-CAR-T cells at varying E/231, HOS-FB™'¢, THP1-FR) and FR-negative (HOS-14%H°,
ratios (1:27,1:9, 1:3, 1:1, and 3:1). Speci c lysis (%) wattigh ~ THP1-FG12) tumor cell lines were chosen for this purpose. HOS-
after 16 and 48 h of co-culture, and Th1 cytokines (tiML-2, FRa™!C expressed 5.6x lower level of functional FR than its
TNFa) in culture media were measured after 44 h of co-cultureparent HOS-FR, and HOS-143bU° was FR-negative similar
While the onset of speci c lysis (16 h) varied among di erent to HOS-143b Figure 20). Here, FE and FR-negative tumor
tumors, an increase in speci ¢ cytolysis was observed at 48dells without or with EC17 pre-loading (0.1 or 10 nM, 30 min
for all FRC cancer cell linesHigure 3A). It generally took a pulse at 37C) were incubated with EGFRt-sorted CAR-T cells
longer time (48 h) and a higher E/T ratio (L:1) to see signi cant (1:1 CD4/CD8) at an E/T ratio of 1:2F{gures 4B,D. EC17
activity in the lowest FR-expressing OV90 celsg(re 3A). dose-dependent pre-loading was con rmed on day O by counter-
Interestingly, the high FR-expressing KB cells respondeg vestaining of membrane bound EC17 with an APC-conjugated
slowly and also required a higher E/T ratio 1:3) and longer anti-FITC antibody (clone NAWESLEE[gure 40). Three days
exposure time to cause signi cant cell deaffigure 3B left plot).  later, co-cultured CAR-T cells were measured for upregutatio
When enough e ector cells were presentX:1 E/T ratios), all and co-expression of T cell activation/exhaustion markepd P
FRC cancer cells responded after 48 h of co-culture. Notably,AG3, and TIM3. In the absence of target cells, E2-CAR-
only the FR-negative HOS-143b cells were essentially uméir T cells underwent a low-grade di erentiation in culture with
(Figure 3B right plot). low frequencies of double or triple-positive cells. Interediing
To establish a correlation of CAR-T cell activity with FRthe presence of tumor cells alone (without EC17 pre-loading)
expressionin vitro, we plotted the values of 16 h speci c lysisappeared to “relax” the CAR-T cells to various degrees. But when
at an E/T ratio of 1:1 against the functional FR levels foundncountering EC17-preloaded ERbut not FR-negative) tumor
on tumor cells Figure 20). Excluding KB cells that showed an cell targets, E2-CAR-T cells underwent signi cant di eretton
unusual resistance at the beginning, there was a strong-legmi with increased co-expression of exhaustion markers. Based o
correlation between FR expression and the onset of cytolyis w increased frequencies of triple- and double-positive cellspgem
anR-value of 0.98Figure 3Q). Similarly, all but the FR-negative exhausted phenotype appeared on co-cultured CAR-T cells in the
HOS-143b tumor cells triggered high levels of ENL-2, and  order of KB> HOS-FR'¢ > THP1-FRb > MDA-MD-231.
TNFa production after 44 h of co-culture at an E/T ratio of 1:1 While EC17 dose-dependent apoptosis (Annexi@)Mvas seen
with E2-CAR-T cellsFigure 3D). Interestingly for Thl cytokine in all FRC tumor cell lines on day 2, high FR-expressing KB cells
production, a semi-log correlation was also observed with abgain showed disproportionally low apoptostsgure 4D).
cell lines included at R-values of 0.88 (I§IN0.89 (IL-2), and . .
0.89 (TNFa), respectivelyRigure 3B. In short-term co-cultures, EC17-Mediated CAR-T Cell Expansion and
MDA-MB-231 was found most sensitive to killing by CAR-T Tumor Uptake in vivo
cells, but HOS-FR osteosarcoma and THP1-BRAML also The dynamic interplay between EC17 and CAR-T cgllsivo
responded quickly in a FR level-dependent manrteg@re 3C. was further interrogated using MDA-MB-231 tumor model,
Together, these data suggested that (i) CAR-T cell is detiva which was previously found to be among the highest FR
only when EC17 forms the intercellular bridge between CAR-Texpressing tumors at 10315 pmol/mg membrane protein using
cell and tumor cell, (ii) other factors such as E/T ratio, espe  a 3H-FA-based radioligand binding assa1J. In our study, we
time and tumor sensitivity confer the overall activity of @Al evaluated the kinetics of CAR-T cell expansion in tumor-begrin
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FIGURE 3 | Correlation of CAR-T cell activity with FR levels and tumoredis' natural sensitivity(A) Kinetics of speci c lysis (%) at varying E/T ratios in FR
(MDA-MB-231, KB, THP1-FRb, OV90, HOS-FRa) and FR-negative (HOS-143b) cell lines after 16 and 48 h of exulture in the presence of 10nM EC17.(B) Speci c
lysis (%) of target cells plotted against a linear scale of Ef&tios. High FRC KB cells demonstrated an early resistance at 16 h while FR-mative HOS-143b failed to
respond. (C) Excluding KB cells, a semi-Log correlation was establishetietween speci ¢ lysis (%) at 16 h of co-culture and functionaFR levels on tumor cells(D) 3D
diagrams depicting the relationships between the levels cAR-T cell derived Th1 cytokines (IF§) IL-2, and TNFa) after 44 h of co-culture at 10 nM EC17 with varying
E/T ratios. (E) CAR-T cell derived Th1 cytokine levels plotted against FRuels of FRC target cell in a Log10 scale.

mice that received 4.8 million of EGFRt-sorted E2-CAR-T cells 9 and forward. Thus, EC17 CAM dosing drives CAR-T cell
(Figure 5A). Seven days following a single EC17 dose (i.e., studctivation, expansion and tumor uptakevivoresulting a robust
day 9), human CD3C EGFRE CAR-T cells were detected in the antitumor immunity.

blood of mice, with elevated numbers circulating in mice ez o )

larger tumors Figure 58). In addition to trending toward a EC17 Dose Finding Safety Study in Tumor

higher expansiorin vivo, these blood borne CAR-T cells alsoand Tumor-Free Mice

exhibited a more di erentiated pro le Figure 5B, 2504 441  The initial EC17 dose nding studies were conducted in MDA-
mm?3vs. 422 16 mn?) in mice possessing larger tumors. Mice MB-231 tumor bearing mice as shown by the schematic diagram
with the smaller sized tumors continued on study to receivef the experimental layoutRigure 6A). NSG mice without or

a total of 5 weekly EC17 doses at 500 nmol/kg. As shown iwith MDA-MB-231 tumors ( 211 65 mn?) were engrafted
Figure 5C the MDA-MB-231 tumors started to respond after on day 0 with 10 million of a “clinical facsimile” batch of E2-
the second EC17 dose. Mice did experience mild body weigltAR-T cells ( 39% EGFRE, 51:49 CD4/CD8). This batch of
loss after EC17 administration, especially after the thivpdel As  CAR-T cells consisted of mostlysgyv and Tom phenotypes (see
circulating CAR-T cells peaked around day 15 and persisted faFigure 1D). Two days after the CAR-T cell injection, one cohort
up to 30 days (last analysis by ow cytometry), we observed af tumor-bearing mice were left untreated while three colort
steady increase in tumor-in Itrating CAR-T cellfigure 5D, top  were treated with di erent regimens of EC17, including simg|
plot, dashed line). In addition, CAR-T cells underwent dyriam injection per week (SIW) at 500 nmol/kg, or as escalating EC17
phenotypic changes in the blood from a predominantlycli  dose levels of 5/50/500 (Escalation-1) or 5/100/1000 rkgol/
phenotype on day 9, to more di erentiated pro les on later days(Escalation-2) given on a Monday/Thursday/Monday schedule
with continued EC17 treatmenf{gure 5D, bottom bar graph). with 1-week drug-free intervals. For comparison, two tumor-

Accordingly, those tumor-in ltrating CAR-T cells were acated  free cohorts were either untreated or treated with EC17 StW a
and expressed early (CD137/4-1BB) as well as late (PD1) T c8tl0 nmol/kg.

activation markersKigure 55. CD137/4-1BB expression peaked Human T cell-derived IFN levels in mouse blood were
around day 9 while PD1 expression remained high from dayneasured in all cohorts using satellite animals on days 11 and
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FIGURE 4 | EC17/FR-dependent CAR-T cell activation/exhaustion in défent tumor types. (A) Expression of early (CD69), intermediate (CD137), and lateD1) T cell
activation markers detected on CAR-T cells co-cultured (E/D 1:1) with FRC tumor cell targets pre-loaded without or with EC17 (100 nM, 8 min pulse at 37 C). The
rst two open bars represent CAR-T and Mock transduced T cellsonly without target cells.(B) Top row: Colored pie charts representing change in the diffentiation
status of CAR-T cells in culture without target cells on day§—3. Bottom row: Four sets of colored pie charts representig the differentiation status of CAR-T cells after|
3 days of co-culture (E/TD 1:2) with FRC (MDA-MB-231, THP-1FRb, HOS-FRa, KB) and FR-negative (THP1-FG12, HOS-143b) tumor cells pi@aded without or with
EC17 (0.1 or 10nM, 30 min pulse at 37 C). (C) Bar graph to show EC17 loading status of target cells con rmedby ow cytometry and expressed as MFI (EC17 was
undetectable on FR-negative cell linesYD) Target cell apoptosis (%) detected by Annexin V staining &t 2 days of co-culture as described in(B).

0.0 0.1 10.0
EC17 concentration (nM)

12 ( 20 and 42h after the previous EC17 dose). Comparedy ow cytometry, but low levels of IFY were detected on

to tumor-bearing mice that received CAR-T cells only, alldays 11 and 12 in animals that received the same number
EC17 treated tumor cohorts had 30x (day 11) and 10x of CAR-T cells plus EC17F{gures 6B,Q. Moreover, no CRS
(day 12) higher IFNg production in mouse plasma, and the symptoms (grade 0 out of a 0-5 scale) or body weight loss was
levels of this cytokine decreased naturally from 20 to 42lobserved in tumor-free mice that received 2 weekly doses of
later (Figure 6B). In accordance with IFY release, EC17 also EC17 at 500 nmol/kg.

triggered CAR-T cell expansion identi ed as human CiQ3 Moderate-to-severe CRS symptoms (grades 2-3) and
EGFRC events in mouse blood, and cells persisted up to 54igni cant body weight lossesF{gure 6D) were observed in
days in tumor-bearing animals (last measuremeiftg(re 6C).  tumor-bearing cohorts with continued EC17 dosing indepemide

In tumor-free cohorts, no CAR-T cell expansion was detectedf the regimen. While EC17 SIW at 500 nmol/kg caused the
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Luetal. Bispeci ¢ Adaptor Controlled CAR-T Therapy

FIGURE 5 | Pharmacokinetics and tumor uptake of CAR-T cell$n viva (A) Schematic diagram of the experimental layout to show animalollection schedule in
relation to CAR-T cell injection and weekly EC17 doses (500mol/kg) in MDA-MB-231 tumor-bearing mice. A total of 15 mice eceived 4.8 million of EGFRt-sorted
CAR-T cells on day 0 (3 mice had large tumors to begin with]B) Left panel showing measurements of tumor volume and changenibody weight; Middle plot
showing CAR-T cell expansion in the blood 7 days after a singldose of EC17; Right bar graph showing differentiation prods of circulating CD4/CD8 CAR-T cell
subsets in mice with small and larger tumors(C) Measurements of change in tumor volume and body weight(D) Top plot showing CAR-T cell kinetics in the blood
(solid line) vs. that of tumor (dotted line). Bottom bar grapshowing changes in CAR-T cell phenotypes in the blood(E) Kinetic changes in the surface expression of
activation markers (4-1BB, PD1) on tumor-in ltrating CAR-Tells. *p < 0.05.

earliest onset of CRS and body weight loss, the aggressaier CAR-T cell engraftment. Although animals receivindyon
EC17 Escalation-2 regimen (up to 1,000 nmol/kg) cause@AR-T cells showed signs of nonspecic CAR-T cell/tumor
persistent body weight loss with animal recovery occurringalloreactivity, only EC17-treated cohorts produced 100%esu
after EC17 dose cessatiofridure 6D, top row). Notably, (Figure 6D, bottom row). Therefore, EC17 administration
symptoms of graft-vs.-host disease (GVHD) included redn the presence of FR tumors was the key to drive (i)
itching skin and hairlessness became obvious a4t month CAR-T cell activation, (ii) cytokine production, and (iii)
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FIGURE 6 | EC17 dose nding and CRS assessment in tumor vs. tumor-free ngie. (A) Schematic diagram to show dose scheduling of CAR-T cells (10 million
“clinical facsimile”) plus EC17 dosed 3 different ways in NS mice without or with pre-established MDA-MB-231 xenograk. Tumor-free mice received EC17 SIW 500
nmol/kg (2 total doses on days 2 and 10). Tumor-bearing mice reeived EC17 as follows: EC17 SIW 500 nmol/kg (5 total doses on ds 2, 10, 17, 24, and 31), EC17
M/Th/M_Escalation-1 (repeats of 5/50/500 nmol/kg on Monday/Thusday/Monday followed by 1 week break, i.e., on days 2, 6, 10, 1720, 24, and 31), or EC17
M/Th/M_Escalation-2 (repeats of 5/100/1,000 nmol/kg on Monday/fursday/Monday followed by 1 week break, i.e., days 2, 6, 10, Z, 20, 24, and 31). (B) Systemic
levels of human IFNy on a log2 scale detected in mouse plasma on days 11 and 12 afte€CAR-T cell injection in tumor-bearing vs. tumor-free micd.€., 20 and 42h
after the previous EC17 dose in all treated cohorts)C) Circulating CAR-T cells in mouse blood identi ed as human CD8 EGFRC events by ow cytometry and
enumerated per 100mL of whole blood. (D) Measurements of change in body weight and tumor volume in tumr-bearing mice that received CAR-T cells only or
CAR-T cells plus EC17 dosed 3 different ways (dashed linesdicated each EC17 dose).n D 5 mice per group. All data represent mean s.e.m. *p < 0.05 by
one-way ANOVA test.

in vivo CAR-T cell expansion and persistence. Under speci &ffect of High Dietary Folate on CRS and
conditions, however, severe CRS (grade3) was triggered Antitumor Activity

by a high CAR-T cell dose in combination with EC17 dosesreviously, it was shown that administration of FA or a FA tida

equal or>500 nmol/kg (from herein referred to as 100% helped reduce the severity of CRS in MDA-MB-231 tumor-

full dose). bearing mice 27, 33). To test the long-term e ect of dietary
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folate, mice were maintained on de ned diets foi73 days and early stage of tumor progression. Therefore, total tumor leurd
used when their tumors reached549 184 mn? (280-918 in each animal in study cohorts was assessed by quantitating
mm?q) in FA-replete mice, and 559 165 mn? (356-961 mr)  circulating GFIE tumor cells in the blood, liver weights, and
in FA-de cient mice (Figure 7). All mice received 10 million  all-inclusive non-liver macrometastases visible to theetb&ye.
of the same “clinical facsimile” of E2-CAR-T cells on dayr@ij a Although THP1-FR expressed a low level of FRvitro, THP1-
EC17-treated cohorts received 8 weekly doses of 500 nmol/lkRb tumor metastases were found to express a higher than
starting on day 2 (FA-replete) or day 3 (FA-de cient). As seerexpected functional FRs level a8.9 2.8 pmol/mg membrane
previously, the rst full dose of EC17 was generally safe angrotein. Thus, THP1-FR tumor-bearing mice were engrafted
did not cause any CRS or body weight loss in mice on eithewith a research batch of EGFRt-unsorted E2-CAR-T cel3%
diet. Actually, FA-replete animals did not show symptoms ofEGFRC, 1:1 CD4:CD8) at 6 million/animal and then treated
CRS throughout EC17 treatment, whereas FA-de cient animalwith 3 di erent EC17 dosing regimensF{gure 8). Starting 3
experienced grades 2—3 CRS and body weightloss (uft104%) days after CAR-T cell injection, EC17 dosing regimens began
with each of the subsequent EC17 dosEmre 7A, bottom as SIW at 500 nmol/kg continuously, thrice a week (TIW) at
panels). In the same duration of EC17 treatment, a much highes/50/500 nmol/kg on Monday/Wednesday/Friday followed by
level of CD3C EGFRE CAR-T cells was found in mice on FA- a 9 day break, or by an accelerated dose escalation regimen
de cient diet (1.6-20.4 10* per 100mL blood on day 52) when at 5/10/100 nmol/kg in Cycle 1, 5/30/300 nmol/kg in Cycle 2,
compared to mice on FA-replete diet (0.027—4.31.0° per 100  and 5/50/500 nmol/kg in Cycle 3, on Monday/Thursday/Monday
mL blood on day 59) Figures 7B,J. Importantly, there was no (M/Th/M) followed by a 6 day breakHigure 8A). While some
CAR-T cell expansion detected in FA-de cient animals thal di body weight loss and grade 1-2 CRS in Cycles 2 and 3 were
not receive EC17 treatmerfigure 70). observed in animals received EC17 SIW treatment, animats tha

Since we started MDA-MB-231 tumors at larger sizes thameceived EC17 TIW had the least body weight loss with grade 0—
the previous study (se&igure 6), tumor regression due to 1 CRS only Figure 8B). Amongst the animals that received the
alloreactivity at this 10-million “clinical facsimile” GAT cell 3 cycles of EC17 M/Th/M dose escalation, grade 0-1 CRS and
dose was not apparerfigure 7A, top rows). Control tumors (no  very mild body weight loss were observed in Cycle 2 after the
EC17) in FA-replete mice appeared to have faster growth kisetidast dose of EC17 of 300 nmol/kg. Using satellite animals gn da
compared to control tumors in FA-de cient mice; but overall, 31, we enumerated CAR-T cells in the blood and demonstrated
there were 2/5 cures, 2/5 complete responses, and 1/5 partBC17-dependent CAR-T cell expansion and persistence in all
response in FA-replete mice that did receive ECEigre 7A,  treated cohortsKigure 8C). Compared to control animals that
top left gure). A more robustin vivo T cell expansion was received tumor cells only or tumor cells plus CAR-T cells withou
seen in mice on FA-de cient diet and resulted in 5/5 curesEC17, EC17 dosed with any of the 3 “intra-patient” escalation
although these animals' health deteriorated with each CRf®rmats e ectively reduced circulating THP1-BRumor cells
episode Figure 7A, top right gure). in the blood and showed similar activities against liver tum

Using anti-human EGFR (clone Hul) to identify MDA-MB- metastased~{gure 8D, left and middle bar graphs). Only minor
231 cancer cells within mouse tumor masses after an enzgmadtllogeneic reactivity was seen against THPb-lRr metastases
digestion, we analyzed ERprotein expression (clone LK26) in mice that received CAR-T cells only. While EC17 SIW and
in three tumors recovered from mice on FA-replete diet thatTIW at 10-fold dose escalation (on/o ) successfully coried
experienced a relapse despite continuing EC17 treatment. Byn-liver macrometastases, EC17 M/Th/M dose escalation at
ow cytometric detection, EGFR cancer cells isolated from the a slow pace per cycld-igure 8A) failed to control the non-
smallest tumor (21 mg) expressed &Rvhile EGFRC cancer liver macrometastase§igure 8D, far right panel). At the end
cells isolated from the two larger tumors (90 and 363 mg) haaf study (i.e., 39 days post CAR-T cell injection), CAR-T cells
completely lost their FR expression Kigure 7D). Using the isolated from liver THP1-FR tumor metastases of EC17 TIW-
quantitative radioligand binding assay wifti-FA, we further treated animals appeared to have the least expression of double
con rmed the loss of functional FR levels on tissue homodesa and triple-positive T cell inhibitory receptors, PD1, LAG3,dan
obtained from these tumors (2.1 pmol/mg binding potential vs. TIM3 (Figure 8B. Overall, no severe CRS (i.e., gradel) was

103 pmol/mg in tumors from untreated animals). Therefore,observed in any EC17 treated cohorts. Nevertheless, the more
FA-de ciency may lead to enhanced activity and CRS toxicityaggressive EC17 TIW dose escalation (on/o ) trended as the
while non-physiological FA intake prevents CRS and continuoubest regimen for reducing overall THP1-BRumor burden in
consumption may lead to reduced activity (see Discussion).  these mice.

EC17 CAM Dosing Control in Anti-leukemic A Dose Escalation Trial Against an

Activity Aggressive Osteosarcoma Model

Intravenously implanted GFP-expressing THP1BRBmor cells  For our intended purpose, HOS-ERs a low FR-expressing but
developed disseminated diseases in NSG mice with tumor ceftsost aggressive tumor model with a functional FR level 682

in the circulation and liver/non-liver metastases throwgit 1.45 pmol/mg protein. In parallel to the THP1-BRstudy

the body. We found that THP1-ARtumor cells could also described above, two cohorts of mice with 3 day-old HO&FR
localize to the mouse ovary which appeared in amed during theumors were given the same E2-CAR-T cells at the same dose
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FIGURE 7 | Dietary folate effect on antitumor activity and CRS toxigit (A) Measurements of change in tumor volume and body weight of NS@nice xenografted with
large MDA-MB-231 tumors and treated with CAR-T cells (10 million “clinical facsimile”) plus EC17 SIW at 500 nmol/kg le being maintained on FA-replete or
FA-de cient diet throughout the study f1 D 5). (B) Bar graph to show circulating CAR-T cells (human CD& EGFRC) measured at the end of study on day 52
(FA-de cient) and day 59 (FA-replete), respectivelyC) Representative ow cytometric dot plots to show an absence ofcirculating CAR-T cells in FA-de cient mice
treated with CAR-T cells only (no EC17) and elevated numbex circulating CAR-T cells in mice treated with CAR-T cellslps EC17 on FA-de cient diet compared to
mice treated identically but on FA-replete diet(D) Loss of FR expression was detected in 2 out of 3 MDA-MB-231 turors collected on day 59 from FA-replete
animals and analyzed by ow cytometry (later con rmed by a quatitative radioligand binding assay, data not shown).p*< 0.05.

(' 6 million). One cohort was treated with the same accelerateHHOS-FRa tumors in NSG mice quickly outgrew the tumor
EC17 dose escalation regimen at 5/10/100 nmol/kg in Cycle i Itrating capability of CAR-T cells and may have decreased
5/30/300 nmol/kg in Cycle 2, and 5/50/500 nmol/kg in Cycler3, cytolytic activity due to T cell exhaustion as suggestethlwtro
Monday/Thursday/Monday schedule followed by a 6 day breako-culture studiesKigure 4B).

(Figure 9A). As HOS-FR tumors grew aggressively without  To scrutinize our CRS rescue capabilities with sodium
EC17 treatment, accelerating EC17 dose escalation at & C uorescein, we developed a CRS scoring system and was able
T cell dose was safe (no CRS or body weight loss) and resulteacapture the onset of severe CRS (grades 3/4) following EC17
in a signi cant delay in tumor growth within the rst two cy@s administration Figure 9D). As shown by a challenging case of
of treatment Figure 9B). Upon protocol-mandated euthanasia rapid CRS onset in HOS-ERtumor-bearing mice due to a
due only to tumor size (1,500 mni), ow cytometric analyses very high dose of 35 million total CAR-T cells (93:7 CD4/CD8),
performed on whole blood showed an EC17-dependent CAR-Tntravenous sodium uorescein at a human equivalent dos@j

cell expansion up to day 47 but higher on day 8&re 9C left  mg/kg in mice) acted very quickly to reduce CAR-T cell derived
bar graph) Ex vivotumor analysis on day 33 indicated a low but human cytokinesKigure 9B).

signi cant intratumoral CD3tC EGFRC CAR-T cell population

in EC17-treated animals which amounted tal% total viable DISCUSSION

digested tumor-derived celldigure 9C right bar graph). As

large HOS-FR tumors stopped responding to treatment in Cycle In this study, we employed humanized FITC-E2 CAR and CAR-
3 (Figure 9B), intratumoral CAR-T cells also diminished on day modi ed T cells (1:1 CD4/CD8) that were rationally desigraett

47 (Figure 90). Notably, HOS-FR tumors analyzed byH-FA produced to meet clinical requirement&igure 1D). Based on
radioligand assay upon disease progression showed simitar FiRRork by Ben Towne Center for Childhood Cancer Research and
levels with and without EC17 treatment. Thus, it appeared thaFred Hutchinson Cancer Research Center, CAR-T cell product at
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FIGURE 8 | EC17 dose escalation in safety and anti-leukemic activitiyn-vivo. (A) Schematic diagrams to show dose scheduling of EC17 plus unsded EGFRt CAR-T
cells ( 6 million, day 0) in NSG mice with 1 day-old intravenous THPERb xenografts. Starting 3 days after CAR-T cell injection, EClwas dosed in 3 different ways:
EC17 SIW 500 nmol/kg (5 total doses on days 3, 10, 17, 24, 31, and 8), EC17 TIW 5/50/500 nmol/kg (3 repeats of 5/50/500 nmol/kg on Mondg/
Wednesday/Friday followed by a 9 day break, i.e., on days 3/5/717/19/21, and 31/33/35), or EC17 M/Th/M_dose escalation on MondayThursday/Monday (3
escalation cycles at 5/10/100 nmol/kg in Cycle 1, 5/30/300 nmol/kgin Cycle 2, and 5/50/500 nmol/kg in Cycle 3, i.e., on days 3/6/10, 1720/24, and 31/34/38). (B)
Measurements of change in body weightrf D 5). (C) Circulating CAR-T cells as human CD8C EGFRC events found per 100mL of mouse whole blood on a
logarithmic scale on day 31.(D) Left bar graph: circulating tumor cells (GFE) per 100 mL of whole blood in all cohorts measured at the end of study (d@a39); Middle
bar graph: THP1-FRb in ltrated liver weights representing liver metastatic buten; Right bar graph: total tumor weights of all non-liver merometastases. (E) Flow
cytometric analysis of T-cell exhaustion markers, PD1, LA& TIM3, on preinfusion CAR-T cell product (triple-negatiyeand tumor-in trating CAR-T cells isolated from
liver metastases. A cardinal feature of fully exhausted T e is co-expression of multiple inhibitory receptor marks (i.e., triple-positive)9). *p < 0.05; **p < 0.01.

a de ned 1:1 CD4/CD8 ratio and limited e ector di erentiation correlation was established between FR expression levdls an
oered several advantages including: (i) better correlatio EC17 CAM-elicited Thl responses from CAR-T cells. However,
between cell dose and CAR-T cell expansion/ persistence, (i)tal functional FR levels expressed by tumor cells and tumor
better prediction and mitigation of toxicity; and (iii) poteially  cells'intrinsic sensitivity/resistance to T cell therapglikdictate
superior therapeutic e cacy in patients4@, 43). Using CAR- amaximal possible response and tumor rejection riigyre 3).

T cells provided by the Jensen laboratory, we performeéor sensitive but low FR-expressing cell targets such as Qi/90,
in vitro and in vivo studies to elucidate pharmacological andrequired more e ector cells (e.g., E/T 1:1) and longer respons
pharmacokinetic properties of EC17 CAM action with a speciatime (48 h) to show any signi cant killing in the presence of
focus on pediatric cancer models. At low pico-molar EC50&£C17. Although a FR threshold has yet to be determinedtro,

in co-culture systems, EC17 triggers a potent Thl cytokinéow EC50s and receptor occupancy of EC17 CAM okRncer
production and FR-dependent target cell lysis by E2-CAR-Tells suggest that not all FRs need to be occupied to trigger a
cells Figures2 3). For the most part, a semi-log positive potent CAR-T cell response. When encountering di erent@&R

Frontiers in Oncology | www.frontiersin.org 15 March 2019 | Volume 9 | Article 151



Luetal. Bispeci ¢ Adaptor Controlled CAR-T Therapy

FIGURE 9 | Antitumor activity and CRS rescue in an aggressive model ofggliatric osteosarcoma.(A) Schematic diagram to show dose scheduling of CAR-T cells

( 6 million, day 0) plus EC17 in NSG mice with 3 day-old subcutaepus HOS-FRa xenografts ¢ D 5). Starting 3 days after CAR-T cell injection (6 days afteator
implant), 3 cycles of EC17 M/Th/M “intra-patient” dose escaltion on Monday/Thursday/Monday at 5/10/100 nmol/kg in Cycle 1, 5/3/300 nmol/kg in Cycle 2, and
5/50/500 nmol/kg in Cycle 3, i.e., on days 3/6/10, 17/20/24, and 31/34/38. (B) Measurements of tumor volumes and change in body weights. Deito tumor
progression, ve mice received CAR-T cells only (no EC17) wereuthanized on days 23-31, and ve EC17 treated mice were euthnized on days 33 (2 mice) and 47
(3 mice), respectively(C) Flow cytometric analysis of CAR-T cells (human CDE EGFRC) per 100 mL of whole blood plotted on a logarithmic scale (left) and
tumor-in Itrating CAR-T cells at the time of euthanasia (rigt). (D,E) CRS grading scale and experimental conditions applied to stium uorescein rescue in HOS-FRx
tumor-bearing mice. Shown are changes in T cell-derived cygkines with and without rescue.p-values were calculated by Student'st-test.

tumor targets, CAR-T cells exhibited di erent activation dan It has been reported how fast tumor cells are killed by CAR-
exhaustion pro les and became more exhausted more quickly cellsin vivo contributes to long-term T cell proliferation
with certain tumor types (e.g., KBJF{gure 4). This goes beyond and tumor rejection rate44). In our bispeci ¢ approach, EC17
functional FR levels and helps explain why MDA-MB-2312(1 CAM provides the tumor antigen (i.e., FITC) and how it is
1P FA molecules/cell) was the most sensitive of all cancegiven controls the rate of CAR-T cell expansion in tumor-
cell lines tested. KB (4.8 1C° FA molecules/cell) was the bearing hosts. In the MDA-MB-231 tumor model, we found that
least sensitive, slowest to respond and required a higher EAfeekly EC17 doses at 500 nmol/kg starting 2 days after CAR-
ratio to commence killing Figure 3). Interestingly, our FR T cell infusion induced a rapid CAR-T cell expansion with a
HOS-FRa.U cell line expresses only240,000 FR molecules/cell trending positive correlation with tumor burden as eleva@8R
which was more than enough to trigger a potent CAR-T celll cell numbers were observed in the blood from mice with
response in short-term culturesFigures 2 3). However, like larger tumors Figure 5B). The number of CAR-T cells in the
HOS-143b-derived cell lines, HOS-&R!C grew aggressively in circulation then peaked around 15 days and persisted for at leas
culture ( 1 day doubling time), a quick drop in E/T ratio 30 days Figure 5D). In accordance with a surge of CAR-T cells
was likely the cause for a more exhausted CAR-T cell pro lén the circulation, MDA-MB-231 tumors started to shrink after
(Figure 4Q). Further studies are needed to determine what cothe second weekly EC17 dose, and they eventually becarmye full
inhibitory signals on FR cancer types, such as KB, that lend itsin Itrated with CAR-T cells (igures 5C,D. Flow cytometric
resistance to CAR-T cell mediated apoptosigy(re 4E). analysis of tumor-in Itrating CAR-T cells indicated that the
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CAR-T cells were activated with elevated expression of C[4137 controlling antigen exposure kinetics with a EC17 CAM dosing
BB and PD1Figure 5B. Similar studies are being planned to usestrategy. Although tumor microenvironmentin NSG mice isye
high FR-expressing but more resistant tumor models, such as KBi erent from that of a patient, lessons from our xenograft dies
Commercial rodent diets contain high amount of folates,suggest that solid tumors may possess mechanisms of resistanc
including the synthetic fully oxidized form, FA4fF). An  other than low target expression. For example, di erences in
approximate 40-fold dierence in serum folate levels waslood supply and tumor microenvironment may explain why
reported between mice on FA-replete diet§0nM) and an circulating THP1-FR cells and liver metastases were more
average human adult (20 nM) (46). Because excess FA in mousesensitive to treatment than non-liver metastases in the esam
blood serves as a competitor for EC17 and can occupy tumor FRanimal. We derived HOS-Rfrom one of the most aggressive
we routinely placed NSG mice on FA-de cient diet to lower thei osteosarcoma cell line HOS-143t%). Its aggressive growth rate
serum folate levels (15 nM) before initiation of EC17 treatment. in severely immunode cient NSG mice may not re ect that of
In MDA-MB-231 tumor-bearing mice, a high level of functional a majority of osteosarcoma patients with metastatic diseases
FRs( 103 15 pmol/mg protein) was maintained on both diets, Taken together, oumn vitro and in vivo ndings seemed to be
and tumors as large as600 mn? were found sensitive to CAR- in good agreement suggesting a tumor elimination kinetits i
T cell therapy with weekly EC17 dosingigure 7A). Although  an order of MDA-MB-231> THP1-FRb > HOS-FRa. While a
we did not closely follow CAR-T cell expansion and persistenchigh FR expression is obviously desirable, improving CARIIT ce
in real-time, mice with high dietary folate appeared to havera cking into tumor microenvironment would be important to
lower levels of CAR-T cells at the end of study corresponding set a low E/T ratio and T cell exhaustion.
to a decreased cure rat€igures 7B,Q. This is likely because Regarding safety and CRS toxicity, the rst full-dose of EC17
high levels of FA in the circulation interfered with EC17 ding (500 nmol/kg) given 2—3.5 days after CAR-T cell administnati
and perpetuated a constant disruption of target engagementas safe with no CRS symptoms or body weight loss in tumor-
by CAR-T cells. In mice on FA-replete diet, the loss ofaFR bearing mice. In the MDA-MB-231 tumor model, E2-CAR-
expression on two MDA-MB-231 tumors (despite continuingT cells were highly active and expanded dramatically with
EC17 treatment) suggested a potential mechanism for cancBiC17 administration. However, severe CRS occurred in FA-
cells to evade immune attack)( Therefore, serum folate status de cient animals that received a high CAR-T cell dosel(Q
in patients should be monitored and non-physiological intake o million) plus EC17 at its full dose during the second and
FA should be discouraged in clinic settings to avoid competiit third weeks of CAR-T cell expansion. Although these CAR-
against the EC17 CAM. T cells showed nonspecic T cell/tumor alloreactivity, EC17-
Depending on cancer subtypes and histologyCHRalignant  dependent antitumor activity was clearly demonstrated adgains
tissues do not necessarily maintain FR function followingarge MDA-MB-231 tumors Figures 7 8). Notably, equivalent
serial passage in animals and/or tissue culture. Unfortupate numbers of E2-CAR-T cells did not cause CRS in tumor-bearing
to represent pediatric malignancies, we are limited by thenice without EC17 treatment or in tumor-free mice with EC17
availability of FR/bC tumor models in-house and from treatment. Nevertheless, too high of a CAR-T cell dose should
commercial sources. Using THP1-BBnd HOS-FR xenografts be avoided as it increased the incidence and severity of CRS
to represent pediatric AML and osteosarcoma, respectivelyoxicity upon continuing EC17 treatment~{gures 7 8). Once
we compared them against MDA-MB-231 in sensitivity towe dropped the CAR-T cell dose to5—6 million/animal for
EC17 CAM-controlled CAR-T cell therapy. While intravenous THP1-FRb and HOS-FR studies, EC17 CAM dosing was safer
THP1-FRb formed both liquid and solid tumors in NSG and its tumor uptake more easily modulated to minimize the
mice, subcutaneous HOS-RRumors grew aggressively reachingrisk of severe CRS by means of intermittent “on-and-o ” and
1,200 mni in 17 days 85. Unlike MDA-MB-231 tumors intra-host dose titration Figures § 9). As high dietary folic
which were usually 100% curable regardless of how ECZHEid diminished the risk of CRS while maintaining signi cant
was given, no cures were observed in both pediatric modebctivity against MDA-MB-231, we can potentially use lower
(Figures 8 9). Our co-culture data suggested that THP1H-R a nity folates (e.g., leucovorin) for CRS rescugd. Previously
cells were naturally sensitive to T cell-mediated killihgwever, with a di erent CAR construct, we discovered that CAR-T cells
once established outside of the circulation, extramedylla moved out of circulation following each EC17 dose while sodiu
THP1-FRb metastases behaved more like solid tumors anduorescein dose-dependently returned 4-1BBCAR-T cells to
became more dicult to treat Figure 8D). Compared to a the blood 7). Future studies are planned to closely monitor
slow EC17 M/Th/M dose escalation (i.e., not reaching the fulCAR-T cell activation kinetics in the blood vs. that of tumamd
dose until day 38), weekly EC17 dosing at its full dose (50t investigate the opposite e ect of EC17 and sodium uorescein
nmol/kg) or EC17 TIW at 10-fold dose escalation (5/50/500n target engagement/disruption by immunohistochemistiyis|
nmol/kg, on and o with a 9 day resting period) was signi captl worth mentioning that FR expression levels on normal tissures
more e ective at reducing overall THP1-BRtumor burden generally low and restricted to luminal or apical surfacesfefa
(Figure 8D). Tumor-in Itrating CAR-T cells (liver metastases) organs where CAR-T cells would not be accessible under normal
from EC17 TIW treated cohorts also appeared to have thehysiological conditions4?).
least expression of double- or triple-positive surface irtbityi Recently, medulloblastoma was found to have a high
receptors, PD1, LAG3, and TIM3Figure 8. This suggests frequency of FR protein expression4g), and depending on the
that tumor-induced CAR-T cell exhaustion may be prevented bypubtypes some may have a complete breakdown of blood-brain
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barrier (49,50). A second-generation HER2-BEAR has shown FR expression and how fast and how e cient tumor cells
excellent pre-clinical activities in orthotopic mouse modgl$)  are killed by CAR-T cells on site. As autologous CAR-T cell
and is currently under clinical investigation (Clinical@is.gov therapies are highly individualized, correlative studieaynbe
identi er: NCT03500991). A FR subtype of medulloblastoma used to guide EC17 CAM administration in the clinic. Further,
could be another potential childhood indication that a CAM combinations and loco-regional delivery are important iratieg
controlled FR-speci c CAR-T cell therapy may nd its potential with tumor cells' natural sensitivity, tumor microenvironant,
utility. Moreover, immunosuppressive TAMs can impede CD8 Tand other common factors that can limit CAR-T cell e cacy in
cells from reaching tumor cells and has limited the e cacy solid tumors.

of anti-PD-1 treatment %2). In preclinical models, anti-CD123

CAR-T cells recognize and kill TAMs in Hodgkin lymphoma and DATA AVAILABILITY

enhanced antitumor activity53). Since a subset of TAMs also

express functional AR EC17 CAM may have dual utilities in All datasets generated for this study are included in the
certain tumor types or metastatic settings by engaging CARIIT  manuscript and/or the supplementary les.

killing of both malignant cells and unfavorable B& TAMs.
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