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Background: Adoptive immunotherapy using T cells expressing chimeric antigen receptors (CARs) targeting
CD19 has produced remarkable clinical outcomes. However, much of the mechanisms of action, such as the
development ofmemory responses and sources of immune cytokines, remain elusive largely due to the challenge
of characterizing human CAR T cell function in vivo. The lack of a suitable in vivomodel also hinders the develop-
ment of new CAR T cell therapies.
Methods:We established a humanized mouse (hu-mouse) model with a functional human immune system and
genetically-matched (autologous) primary acute B-lymphoblastic leukemia (B-ALL) that permits modeling of
CD19-targeted CAR T cell therapy in immunocompetent hosts without allogeneic or xenogeneic immune
responses.
Findings: Anti-CD19 CAR T cells were detected in blood of leukemic hu-mice with kinetics and levels similar to
those seen in patients receiving CAR T cell therapy. The levels of CAR T cells were correlated inversely with the
burden of leukemia cells and positively with the survival times in anti-CD19 CAR T cell-treated leukemic
hu-mice. Infusion of anti-CD19 CAR T cells also resulted in rapid production of T cell- and monocyte/
macrophage-derived cytokines and an increase in frequency of regulatory T cells as reported in clinical studies.
Interpretation: These results provide a proof-of-principle that this novel preclinical model has the potential to be
used tomodel human CAR T cell therapy and facilitate the design of newCARswith improved antitumor activity.
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1. Introduction

Adoptive immunotherapy using T cells, which are genetically modi-
fied to express chimeric antigen receptors (CARs) targeting CD19, has
produced remarkable results in patients with B-cell malignancies
[1–3]. Despite the impressive response rates, relapse was detected in
patients following CD19-targeted CAR T cell therapy [4,5]. Multiple
mechanisms have been thought to be responsible for relapse, including
immune escape resulting from the development of CD19-negative
tumor cells. In addition, anti-CD19 CAR T cell therapy was also associ-
ated with toxicity [6]. Although the establishment of memory CAR T
munology, Columbia
St, BB15-1501, New

an open access article under
cells in patients was reported [7], the characteristics of these memory
T cells remain largely unknown, including their development, function,
capacity for self-renewal, and survival factors/signaling. Thus, new
mechanistic studies are urgently needed to further elucidate the
mechanisms of relapse and toxicity following CAR T cell therapy, and
for developing effective strategies of improving the therapeutic
outcomes. However, to date, the function and antitumor activity of
CAR-engineered human T cells have been characterized mainly by
in vitro assays or in immunodeficient mice engrafted with human
tumor cell lines [8]. Although a mouse model, produced through the
transfer of human CD19-transduced mouse tumor cells in syngeneic
human CD19-transgenic mice, made it possible to assess antitumor
responses of human CD19-targeted CAR T cell therapy in an immuno-
competent syngeneic setting [9], this model tests the responses against
mouse tumors of mouse T cells.

Patient-derived xenografts (PDX), which are created by grafting
patient-derived cancer cells in immunodeficient mice, have been
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Anti-CD19 CAR T cell therapy has produced remarkable results in
patients with B-cell malignancies. However, much of the mecha-
nisms of action, such as the development of memory responses
and sources of immune cytokines, remain elusive largely due to
the challenge of characterizing human CAR T cell function
in vivo. To date, anti-CD19 CAR-engineered human T cells have
been characterized mainly by in vitro assays prior to clinical use.
Although some mouse models were used to assess antitumor re-
sponses of human CD19-targeted CAR T cell therapy, these
models are either immune-compromised or involve allogeneic
and/or xenogeneic immune responses, creating a host environ-
ment differing from that of patients.

Added value of the study

Here we report a useful hu-mouse model with a functional human
immune system and genetically-matched (autologous) primary B-
ALL, which permits the modeling of CD19-targeted CAR T cell
therapy in immunocompetent hosts without allogeneic or xenoge-
neic immune responses. We show that anti-CD19 CAR T cells
were detected in the peripheral bloodwith kinetics and levels sim-
ilar to those seen in patients receiving anti-CD19 CAR T cell ther-
apy, and that the extent of CAR T cell survival and expansion is
positively associated with the therapeutic outcome. Furthermore,
unlike the currently available patient derived xenograft (PDX)
models, our model makes it possible to assess cytokine produc-
tion by both infused CAR T cells and the recipient immune cells,
and alterations in human immune cell profiles following infusion
of anti-CD19 CAR T cells.

Implications of all the available evidence

Our data demonstrate a proof-of-principle that this leukemic hu-
mouse model is valuable in modeling anti-CD19 CAR T cell ther-
apy and mechanistically understanding the antitumor responses
of CAR T cells. Thus, this preclinical model has the potential to fa-
cilitate the design of new CARs with improved antitumor activity.
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increasingly used in an attempt to address clinically relevant questions
by directly assessing human immune responses to human primary can-
cer cells, a setting closely recapitulating the features of human diseases
[10]. PDX models with human B-ALL were also used in evaluating the
therapeutic efficacy of CAR T cells [11]. However, most PDX models to
date are either immune-compromised or involve allogeneic and/or xe-
nogeneic immune responses, creating a host environment differing
from that of patients. In this study, we establish a humanized mouse
(hu-mouse) model with a functional human immune system and
genetically-matched (autologous) primary B-ALL, which permits the
modeling of CD19-targeted CAR T cell therapy in immunocompetent
hosts without allogeneic or xenogeneic immune responses. We show
that the extent of CAR T cell survival and expansion is positively associ-
ated with the therapeutic outcome. Furthermore, infusion of anti-CD19
CAR T cells results in a significant increase in not only proinflammatory
cytokines (IFN-γ and TNFα), but also anti-inflammatory cytokine IL-10
and regulatory T (Treg) cells. Our data demonstrate a proof-of-principle
that this leukemic hu-mouse model is valuable in modeling anti-CD19
CAR T cell therapy, mechanistically understanding the antitumor re-
sponses of CAR T cells, and testing new strategies of improving the ther-
apeutic outcome.
2. Materials and methods

2.1. Animals and human tissues

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NOD/SCID/γc−/− or NSG) mice
were purchased from the Jackson Laboratory (Bar Harbor, ME), and
were housed in a specific pathogen-free micro-isolator environment
and used as recipients of human tissue and cell transplantation at 6 to
10weeks of age. Discarded human fetal thymus (FTHY) and liver tissues
of gestational age of 17 to 20 weeks were obtained from Advanced Bio-
science Resource (Alameda, CA). FTHY tissues were cut into small frag-
ments (about 1mm3). CD34+ fetal liver cells (FLCs)were isolated by the
magnetic-activated cell sorter (MACS) separation system using anti-
CD34 microbeads (Miltenyi Biotec, Auburn, CA). The prepared FTHY
tissue fragments and CD34+ FLCs were cryopreserved immediately in
liquid nitrogen until use. Protocols involving the use of animals and
discarded human tissues/cells were approved by the institutional
animal care and use committee and the human research committee of
Columbia University.
2.2. Flow cytometry analysis

Flow cytometry was used in detection and phenotypic analysis of
human leukemia and lymphohematopoietic cells in blood and various
tissues as indicated where appropriate. All antibodies used in this
study were purchased from BD or BioLegend. Analysis was performed
on a LSR II or Fortessa (Becton Dickinson, Mountain View, CA), and
dead cells were excluded from the analysis by gating out lower forward
scatter and high propidium iodide or DAPI retaining cells.
2.3. Generation of human primary B-cell acute lymphoblastic leukemia
(B-ALL)

Human B-ALL was generated by transplantation of human fetal
liver-derived CD34+ cells that were transducedwith retroviruses carry-
ingMLL-AF9 fusion gene andGFP (linked by an IRES sequence) into sub-
lethally (1.2 Gy)-irradiated NSG mice as previously described [12].
Blood cells were collected periodically and examined for leukemia
cells (GFP+CD19+) by flow cytometry. GFP+ human B-ALL cells were
harvested from bone marrow (BM) and spleen when the mice becom-
ing moribund and cryopreserved at liquid nitrogen until use. Human
B-ALL cells were characterized further by flow cytometric analysis
using the following mAbs: anti-human CD45, CD19, CD20, CD10, IgM,
IgD, CD44, CD33, HLA-DR, HLA-A/B/C; anti-mouse CD45 and Ter119;
and isotype control mAbs.
3. Humanized mouse preparation

NSG mice were conditioned with sublethal (1.2 Gy) total body irra-
diation (TBI), and transplanted intravenously (i.v.) with human CD34+

FLCs (1 × 105/mouse) and FTHY fragment measuring about 1 mm3

(under mouse kidney capsule) from the same fetal donor, as previously
described [13,14]. Levels of human hematopoietic cells in hu-mice were
determined by flow cytometric analysis using various combinations of
the following mAbs: anti-human CD45, CD3, CD4, CD8, CD45RA,
CD45RO, and CD19; anti-mouse CD45 and Ter119. The hu-mice were
used as donor mice to provide human T cells for preparing CAR T cells
(see below) and as recipients for preparing leukemic hu-mice when a
significant human immune cell reconstitutionwas established (approx-
imately 10–12 weeks after humanization). All hu-mice within this ex-
periment were made with human thymic fragments and CD34+ FLCs
from a single fetus and randomly grouped.
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3.1. Human CAR T cell preparation and in vitro expansion

Human T cells were isolated from hu-mouse spleens by MACS using
anti-human CD3 micro-beads (Miltenyi Biotech, Aubum, CA), and then
transduced with anti-CD19 CAR- or control CAR-expressing lentiviral or
retroviral particles as previously described [7,15]. Two different anti-
CD19 CARswere used: one consisting of anti-CD19 single chain antibody
with 4-1BB costimulatory and GFP genes (19/BBz/GFP) [15]; and the
other consistingof anti-CD19 single chain antibodywithCD28costimula-
tory genes (19/28z) [1]. The control vectors for 19/BBz/GFP and 19/28z
express GFP or 4H11/28z (specific to an ovarian carcinoma antigen
[16]), respectively, in the corresponding plasmid backbone. The trans-
duced T cells were identified using flow cytometry by GFP expression,
or by staining with anti-idiotype antibodies that detect the CD19-
targeted CAR 19/28z (clone 19E3) or the ovarian tumor-antigen targeted
CAR 4H11/28z (clone 22G3) as previously reported [7,17]. The virally
transduced human T cells were then expanded for about 2 weeks using
a previously described protocol with somemodifications [18,19]. Briefly,
purified T cells were cultured in medium containing pooled allogeneic
PBMCs (4 × 106/mL, 40 Gy irradiated) and Epstein-Barr virus-
transformed lymphoblastoid cell lines (EBV-LCL, 4 × 105/mL, 60 Gy irra-
diated), 100ng/mL anti-huCD3 (OKT3), 50U/mL IL-2 (R&D,Minneapolis,
MN), 5 ng/mL IL-7 (R&D, Minneapolis, MN) and 10 ng/mL IL-15 (R&D,
Minneapolis,MN). The expanded T cellswere used immediately in adop-
tive immunotherapy in leukemic hu-mice.

3.2. Leukemic hu-mouse preparation and CAR T cell therapy

Hu-mice with established human immune system (by co-
transplantation of human thymus and CD34+ FLCs; as described
above) were used to prepare leukemic hu-mice by injection of B-ALL
cells (1 × 105/mouse; i.v.), which were generated using MLL-AF9-
transduced CD34+ FLCs from the same donor from which tissues/cells
were used tomake the hu-mice. These leukemic hu-mice were then in-
fused with anti-CD19 or control CAR T cells (5 × 106/ mouse; i.v.)
1–2 weeks after B-ALL cell injection. Levels of CAR T cells and human
B-ALL cells were determined as described above; normal human
Fig. 1. Modeling anti-CD19 CAR T cell therapy in humanized mice without allogeneic or xe
Representative FACS profiles showing the presence of human CD19+GFP+ leukemia cells in
week 19 (C) from NSG mice receiving MLL-AF9-transduced CD34+ FLCs. (D) FACS profiles
representative NSG mouse receiving GFP+ leukemia cells from the primary leukemic mice 1
generating CAR T cells. From two hu-mice we could obtain 1.5 × 107 or more human CD3+

expansion (sufficient for N30 mice at the dose of 5 × 106 per mouse). Human CD3+ T cells
control viruses. (E) FACS profiles showing human immune cell chimerism in the spleens o
2 weeks and analyzed for the expression of 19/BBz/GFP CAR and GFP (Left), or CD19/28 CA
positively-stained cells.
hematopoietic and lymphoid cells were examined by flow cytometric
analysis using various combinations of the following mAbs against
human (CD45, CD3, CD4, CD8, CD19, CD25, and FoxP3) and mouse
(CD45 and Ter119) antigens. Plasmas were harvested for cytokine de-
tection by luminex assay as previously described [7].

3.3. Statistical analysis

The level of significant differences in group means was determined
by the Student's t-test for parametric data sets. The overall difference
between groups was determined by one-way ANOVA with repeated
measures. All analysis was performed using Prism 6 (GraphPad Soft-
ware). A P value of ≤0.05 was considered significant in all analyses.

4. Results

4.1. Modeling anti-CD19 CAR T cell therapy in humanized mice without al-
logeneic or xenogeneic immune responses

Fig. 1A summarizes the experimental strategy. We first created
human B-cell lymphoblastic leukemia (B-ALL) mice by injection of fetal
liver-derivedCD34+cells (CD34+FLCs) thatwere transducedwith retro-
virus containing a mixed-lineage leukemia (MLL) fusion gene MLL-AF9
into sublethally-irradiated NSG mice [12,19]. The transplanted NSG
mice showed a gradual increase in the levels of CD19+GFP+ human B-
ALL cells (Fig. 1B). Bone marrow and spleen cells from the moribund
mice (around 19 weeks) were composed largely of CD19+GFP+ leuke-
mia cells (Fig. 1C), which were transplantable in sublethally (1.2 Gy)-
irradiated NSG mice (Fig. 1D). Although small numbers of CD19−GFP+

cells were detected (Fig. 1C,D), these cells were CD33− (Fig. S1), consis-
tentwithprevious report [19]. To performCART cell therapy in immuno-
competent recipients and avoid both allogeneic and xenogeneic (anti-
mouse) immune responses, we used FTHY and CD34+ FLCs from the
same fetus from which CD34+ FLCs were used to make the leukemic
hu-mice, in constructing hu-mice with a functional human immune sys-
tem (Fig. 1A). Two of these hu-micewere sacrificed around 10–12weeks
later when significant human immune cell reconstitution was
nogeneic immune responses. (A) Schematic outline of the experimental design. (B\\C)
blood (PBMC) at the indicated times (B), and in the bone marrow (BM) and spleen at
showing the presence of human CD19+GFP+ leukemia cells in PBMC and BM from a
5 weeks after adoptive transfer. (E-F) For each experiment, we sacrificed 2 hu-mice for
T cells, and from which we could generate N15 × 107 CAR T cells after transduction and
were isolated from hu-mouse spleens by FACS and transduced with anti-CD19 CAR or
f hu-mice. (F) Transduced hu-mouse splenic CD3+ T cells were expanded in vitro for
R and control 4H11/28 CAR (Right). Numbers on the figure indicate the percentages of



Fig. 1 (continued).
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established (Fig. 1E), and splenic human CD3+ T cells were isolated,
transduced with viral vectors encoding human CD19-sepecific CAR, and
expanded in vitro for about 2 weeks prior to infusion into leukemic hu-
mouse recipients. To firmly the potential of this leukemic hu-mouse
model for evaluating the antitumor responses of CAR T cells, we assessed
the effects of CAR T cells made by transduction with two different viral
constructs in leukemic hu-mice with or without conditioning by
cyclophosphamide. One is a lentiviral construct consisting of anti-CD19
single chain antibody with 4-1BB costimulatory and GFP genes (19/
BBz/GFP) [15], and the other is a retroviral construct consisting of anti-
CD19 single chain antibody with CD28 costimulatory genes (19/28z)
[1]. The control vectors for 19/BBz/GFP and 19/28z express GFP or
4H11/28z (specific to an ovarian carcinoma antigen [16]), respectively,
in the corresponding plasmid backbone. All these viral constructs



Fig. 2. Survival and antitumor responses of 19/BBz/GFPCAR T cells in cyclophosphamide-conditionedhu-micewith autologoushuman immune system andB-ALL. Leukemic hu-micewere
treated with 19/BBz/GFP CAR- or GFP-transduced human T cells 2 weeks after injection of human B-ALL cells (n = 5 per group). All mice were conditioned with 2 injections of
cyclophosphamide (50 mg/kg per day; i.v.) 4 and 3 days prior to CAR T cell therapy. (A) Levels (%) of 19/BBz/GFP (CD3+GFP+) T cells in PBMCs (each symbol represents an individual
mouse). (B) Representative FACS profiles for 19/BBz/GFP CAR T cells in the indicated tissues 3 weeks after infusion of 19/BBz/GFP CAR T cells. (C) Levels (%) of human CD19+GFP+

leukemia cells in PBMCs (each symbol represents an individual mouse). (D) Survivals of leukemic hu-mice treated with 19/BBz/GFP CAR T cells or GFP-transduced control human T
cells. The data shown are from one of two independent experiments with similar results.
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demonstrated efficient transduction of hu-mouse-derived human T cells
(Fig. 1F). The remaining hu-micewere used to prepare leukemic hu-mice
by injection (i.v.) of autologous B-ALL cells 2 weeks prior to infusion of
CAR T cells (Fig. 1A). Because human immune cells and leukemia cells
were derived from the same human fetal liver-derived CD34+ hemato-
poietic stem cells, these cells are considered autologous. Furthermore,
human T cells from hu-mice, which are tolerant of recipient mouse
xenoantigens [20,21], were used to generate CAR-T cells (Fig. 1A). There-
fore, this model permits the exploration of CAR T cell therapy in the ab-
sence of both allogeneic and xenogeneic immune responses.

We first evaluated anti-leukemia responses in leukemic hu-mice
that were conditioned with 2 injections of cyclophosphamide
(50 mg/kg per day; i.v.) 4 and 3 days prior to infusion of 19/BBz/GFP
CAR T cells or control T cells transduced with GFP only (Fig. 2). The
levels of 19/BBz/GFP CAR T (i.e., CD3+GFP+) cells in blood peaked
around 2 weeks and gradually declined thereafter (Fig. 2A), with both
the levels and kinetics similar to those seen in patients receiving anti-
CD19 CAR T cell therapy [7]. 19/BBz/GFP CAR T cells were also detected
in bonemarrowand spleen, and at a very low level in the human thymic
graft (Fig. 2B). Infusion of 19/BBz/GFP CAR T cells achieved significant
anti-leukemia responses, as shown by significantly lowered leukemia
burdens (Fig. 2C) and prolonged survival time (Fig. 2D) compared to
those receiving control T cells.

Similar results were observed in leukemic hu-mice that were in-
fused with 19/28z CAR T cells without prior conditioning (Fig. 3).
Again, anti-CD19 CAR T cells were detected and peaked around
2 weeks in blood (Fig. 3A), and infusion of 19/28z CAR T cells achieved
significant anti-leukemia responses, as shown by significantly lowered
leukemia burdens (Fig. 3B) and prolonged survival time (Fig. 3C) com-
pared to the controls treated with 4H11/28z CAR T cells. Furthermore,
higher levels of anti-CD19 CAR T cells were associated with lower bur-
dens of leukemia cells (Fig. 3D) and longer survival times (Fig. 3E).
Although CD19−GFP+ cells were detectable, the majority of GFP+ leu-
kemia cells were CD19+ in both 19/28z and 4H11/28z CAR T cell-
treated mice, and there was no difference in the ratios of CD19−GFP+

or CD19+GFP+ leukemia cells between two groups (Fig. S2), suggesting
that the CD19−GFP+ leukemia cells were likely derived from
CD19+GFP+ leukemia cells and/or may gain CD19 expression.

4.2. Infusion of anti-CD19 CAR T cells results in a rapid decrease in normal B
cells

We also compared the levels of non-leukemic human B cells
(i.e., CD19+GFP− cells) between leukemic hu-mice receiving anti-
CD19 CAR (19/28z) T cells and those injected with control CAR (4H11/
28z) T cells. Flow cytometry analysis revealed that anti-CD19 CAR T
cell infusion was associated with a significant decrease in the levels of
normal human B cells. Anti-CD19 CAR T cell-treated mice showed a
rapid and significant reduction in blood CD19+GFP− cells by 1 week
post-CAR T cell infusion (Fig. 4A,B). The levels of normal B cells were in-
versely associated with the levels of anti-CD19 CAR T cells in leukemia
mice infused with anti-CD19 CAR T cells (Fig. 4C). Thus, the levels of
normal human B cells provide a potential early indicator of CAR T cell-
mediated immune responses.

5. Anti-CD19 CAR T cell therapy associated changes in regulatory T
cells and cytokine production

To determine the overall immune responses associated with anti-
CD19 CAR T cell treatment, we compared the levels of regulatory T
cells (Tregs) and cytokine production between anti-CD19 and control
CAR T cell-injected leukemic hu-mice. A significant early increase in
the levels of CD4+CD25+FoxP3+ Tregs was detected in leukemic hu-
mice treated with 19/28z CAR T cells compared to those receiving



Fig. 3. Survival and antitumor responses of 19/28z CAR T cells in hu-micewith autologous human immune system and B-ALL. Hu-micewere injectedwith B-ALL cells followed twoweeks
later by infusion of 19/28z (n = 7) or control 4H11/28z (n = 5) CAR-transduced T cells. (A) Levels (%) of 19/28z CAR T cells in PBMCs (each symbol represents an individual mouse).
(B) Levels (%) of GFP+ leukemia cells in PBMCs (each symbol represents an individual mouse). (C) Survivals of leukemic hu-mice treated with 19/28z or 4H11/28z CAR T cells.
(D) Correlation between the level (%) of CAR T cells at week 4 and the levels of CD19+GFP+ B-ALL cells at weeks 6 (Left) and 8 (Right) in peripheral blood of leukemic hu-mice
treated with 19/28z CAR T cells (n = 7). (E) Correlation between the level (%) of CAR T cells at week 4 and the survival times of leukemic hu-mice treated with 19/28z CAR T cells (n
= 7). The data shown are from one of two independent experiments with similar results.
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control 4H11/28z CAR T cells (Fig. 5A). Interestingly, the levels of Tregs
were positively correlated with the survival times in anti-CD19 CAR T
cell-treated mice (Fig. 5B), suggesting that the observed increase in
Tregs is likely to be a consequence of immune responses induced by
Fig. 4. Infusion of anti-CD19CAR T cells results in a rapid decrease in normal humanB cells. (A) L
28z (n=7) or control (4H11/28z; n=5) CAR T cells. (B) Representative FACS profiles for huma
leukemic hu-mice. (C) Correlation between the level (%) of anti-CD19 CAR T cells at week 4 an
infusion of anti-CD19 (19/28z) CAR T cells (each symbol represents an individual mouse). The
anti-CD19 CAR T cells. In agreement with this possibility, an increase
in Tregs was found during acute allograft rejection [22–24].

Plasmawere collected from the leukemic hu-mice 1 day prior to, and
weeks 1 and 4 after infusion of CAR T cells, and the levels of human
evels (%) of humanCD19+GFP− B cells in PBMCs at the indicated times after infusion of 19/
n CD19+ (GFP−) B cells in PBMCs (atweek 1) from anti-CD19 CAR or control T cell-treated
d the levels (%) of normal human CD19+GFP− B cells at weeks 1 (Left) and 4 (Right) after
data shown are from one of three independent experiments with similar results.



Fig. 5. Anti-CD19 CAR T cell therapy-associated changes in Tregs. (A) Levels (%; Left) and representative staining profiles (CD25 and Foxp3 expression in gated human CD3+CD4+ cells at
week 6; Right) of Tregs in PBMCs of anti-CD19 (19/28z) or control (4H11/28z) CAR T cell-treated leukemic hu-mice. (B) Correlation between the survival times of leukemic hu-mice and
their levels (%) of human Tregs in PBMCs at weeks 1 (Left) and 6 (Right) after infusion of anti-CD19 (19/28z) CAR T cells. Each symbol represents an individual mouse and 4–7 mice per
group were examined at each time point.
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cytokines were measured by luminex assay as previously described [7].
Leukemic hu-mice treated with anti-CD19 CAR T cells showed a signif-
icant increase in serum levels of multiple T-cell and monocyte/
macrophage-derived human cytokines/chemokines, including IFN-γ,
TNFα, GM-CSF, IL-5, IL-8, IL-10, IP-10, MCP-1, and MIP-1α, compared
to control CAR T cell-injected mice (Fig. 6). For all these cytokines, the
highest levels were seen at week 1, revealing that the production of
these cytokines occurred rapidly following infusion of anti-CD19 CAR
T cells. These results indicate that not only the infused CAR T cells, but
also the recipient monocytes/macrophages are important in cytokine
production following CAR T cell therapy, similar to previous reports
for patients [7,25].

6. Discussion

In this study, we report a useful hu-mouse model that permits
modeling of anti-CD19 CAR T cell immunotherapy in a more clinically-
relevant setting. An important advantage of this model, over previously
published models, is that the recipient hu-mice have a functional
human lymphohematopoietic system consisting of multilineage
human immune cells and autologous primary B-ALL driven by a
patient-derived fusion MLL-AF9 oncogene, thus permitting the evalua-
tion of antitumor responses in immunocompetent hosts. Another
unique feature of this model is the use of anti-CD19 CAR-expressing
human T cells without allogeneic responses against the human compo-
nents (either normal or malignant human cells) in the hu-mouse recip-
ients, and without anti-mouse xenoreactivity. These features make this
model highly valuable for mechanistic and preclinical studies of anti-
CD19 CAR T cell adoptive therapy. The level of leukemia cells and the
survival time of the leukemic recipients are two important indicators
of the antitumor effects in patients receiving CAR T cell therapy. In our
model, anti-CD19 CAR T cells were detected in the peripheral blood
with kinetics and levels similar to those seen in patients receiving
anti-CD19 CAR T cell therapy [7]. Furthermore, the level of CAR T cells
correlated positively with survival times and inversely with the burden
of leukemia cells in anti-CD19 CAR T cell-treated leukemic hu-mice,
consistent with the results of clinical studies [1,2].

The host immune cells and microenvironment play a critical role in
cancer immunotherapy. Although PDX models make it possible to
study primary human leukemia, the lack of human immune cells in
the recipient mice limits their application. Unlike conventional PDX
models, our leukemic hu-mice have a functional human immune sys-
tem consisting of multi-lineages of human immune cells, including T
cells, B cells and antigen-presenting dendritic cells. In these hu-mice,
wewere able tomonitor the changes in normal human B cells following
CAR T cell therapy. Like patients treated with anti-CD19 CAR T cells
[1,2,26–28], the antitumor response was closely associated with de-
struction of normal human B cells in the leukemic hu-mice following in-
fusion of anti-CD19 CAR T cells. It appeared that the level of human B
cells closely paralleled the level of B-ALL cells, and correlated inversely
with the level of anti-CD19 CAR T cells. Thus, in our model, the levels
of normal human B cells can be used as another informative and clini-
cally relevant parameter for evaluating the efficacy of anti-CD19 CAR T
cell therapy.

Another advantage of using leukemic hu-mice with a functional au-
tologous immune system is the possibility of assessing CAR T cell
infusion-associated cytokine production by both the infused and host
immune cells, and assessing changes in host immune regulatory cells.
We observed a significant increase in not only T-cell-derived cytokines,
but also multiple cytokines produced by recipient human monocyte/
macrophages-derived human cytokines/chemokines, consistent with
what has been reported for patients [7,25]. We also detected a rapid in-
crease in Tregs in anti-CD19 CAR T cell-treated leukemic hu-mice. A
similar increase in Tregs was also reported in patients treated with



Fig. 6. Anti-CD19 CAR T cell therapy-induced cytokine production. Shown are serum levels of the indicated human cytokines in leukemic hu-mice at the indicated times after infusion of
anti-CD19 (19/28z; n = 7) or control (4H11/28z; n = 5) CAR T cells. The data shown are from one of two independent experiments with similar results.
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anti-CD19 CAR T cells [7]. Although the present study did not delve into
the underlying mechanisms, our data provide a proof-of-principle for
using this model to characterize the host immunological changes asso-
ciated with adoptive CAR T cell immunotherapy and the impact of
these changes on the therapeutic outcome.

Cytokine-release syndrome (CRS) is oneof the reported toxicities as-
sociated with anti-CD19 CAR T cell therapy. Considering the limited
cross-reactivity of some proinflammatory human cytokines with their
corresponding mouse cytokine receptors, hu-mice may not be ideal
for exploring CRS-related toxicities. However, hu-mice are still highly
useful in understanding cytokine production following CAR T cell infu-
sion. Recent studies showed that human monocyte-derived IL-1 and
IL-6 (both are reactive with mouse cells [29,30]) are responsible for
CRS and neurotoxicity in anti-CD19 CAR T cell-treated hu-mice, which
were made by injection of human CD34+ cells into triple transgenic
NSG mice expressing human stem cell factor, GM-CSF and IL-3
(SGM3) [31]. The lack of these toxicities in similarly treated NSG hu-
mice suggests that the transgenic human cytokines are likely required
for the significantly elevated IL-1 and IL-6 production in SGM3 hu-
mice following infusion of anti-CD19 CAR T cells. In support of this pos-
sibility, significant human monocyte/macrophage activation and cyto-
kine production (including IL-1 and IL-6) were detected in similarly
humanized SGM3, but not NSGmice (Yoshihara S and Yang YG; Unpub-
lished data) [32]. Considering that GM-CSF, a cytokineproduced by a va-
riety of immune and nonimmune cells, plays an important role in
macrophage and T cell activation, and that its overexpression leads to
severe inflammation [33], this cytokine is likely involved in the develop-
ment of CRS in the humanized SGM3 mice. Here we show that infusion
of anti-CD19 CAR T cells induces GM-CSF production, while IL-6 was
below the detectable level in most mice. Elevated GM-CSF production
was also reported for patients following anti-CD19 CAR T cell therapy
[25]. Our data support a recent work in which GM-CSF inhibition was
found to abrogate CRS and neuroinflammation [34]. Together, these
studies indicate that GM-CSF may play a critical role in CRS following
CAR T cell therapy, and provide an explanation why severe toxicities
and death still occur from CRS despite the routine use of IL-6 receptor
antagonists [35].

We acknowledge that the hu-mouse host environment is not identi-
cal to that of a human host. However, previous studies by our group and
others have produced sufficient evidence demonstrating the value and
feasibility of using hu-mice made of human fetal thymus and CD34+

FLCs to study human immunity [13,14,20,36–38]. These hu-mice show
robust reconstitution of human lymphoid and hematopoietic cells, de-
velopment of secondary lymphoid organs consisting of mainly human
immune cells, and the capability to mount antigen-specific T cell and
antibody responses to protein antigens [14], viral antigens [37],
autoantigens [20], and allogeneic and xenogeneic cells [13,36,38]. In
the present study, we extend this model to a new hu-mouse model
with both a human immune system and autologous primary human
leukemia, and demonstrate its feasibility in modeling anti-CD19 CAR T
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cell immunotherapy in an autologous setting. These leukemic hu-mice
offer a useful model that permits in vivo characterization of antitumor
responses against autologous human leukemia in immunocompetent
hosts without allogeneic or xenogeneic immune responses.
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