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In a phase I study of autologous chimeric antigen recep-
tor (CAR) anti-LeY T-cell therapy of acute myeloid leu-
kemia (AML), we examined the safety and postinfusion 
persistence of adoptively transferred T cells. Following 
fludarabine-containing preconditioning, four patients 
received up to 1.3 × 109 total T cells, of which 14–38% 
expressed the CAR. Grade 3 or 4 toxicity was not 
observed. One patient achieved a cytogenetic remission 
whereas another with active leukemia had a reduction 
in peripheral blood (PB) blasts and a third showed a 
protracted remission. Using an aliquot of In111-labeled 
CAR T cells, we demonstrated trafficking to the bone 
marrow (BM) in those patients with the greatest clinical 
benefit. Furthermore, in a patient with leukemia cutis, 
CAR T cells infiltrated proven sites of disease. Serial PCR 
of PB and BM for the LeY transgene demonstrated that 
infused CAR T cells persisted for up to 10 months. Our 
study supports the feasibility and safety of CAR–T-cell 
therapy in high-risk AML, and demonstrates durable 
in vivo  persistence.

Received 28 February 2013; accepted 24 June 2013; advance online  
publication 31 July 2013. doi:10.1038/mt.2013.154

INTRODUCTION
Despite improvements in chemotherapy and allogeneic hema-
topoietic stem cell transplantation for acute myeloid leukemia 
(AML), the majority of patients with standard or high-risk AML 
will die of relapsed and/or progressive disease. AML shows sen-
sitivity to T-cell–mediated control in the setting of allogeneic 
hematopoietic stem cell transplantation;1 however, therapeutic 
approaches directed at inducing autologous T-cell responses in 
patients with AML have shown limited efficacy.2–4 These limita-
tions to antigen-specific T-cell immunotherapy can potentially 
be overcome by retroviral transduction of an immunogene 

expressing a model chimeric antigen receptor (CAR) against a 
known tumor-associated antigen (TAA) into autologous T cells 
to generate therapeutic CAR T cells.5–7 Immunogenes may vary 
in specific design; however, most contain single-chain variable 
(scFv) regions of TAA-specific monoclonal antibody (mAb) 
joined to a signal transduction domain.8–11 The first generation 
of CARs contained a single-signaling domain derived from the 
TCR-ζ chain or the FcR-γ chain.12,13 Second generation CARs, as 
used in this study, and third generation CARs have incorporated 
one and two costimulatory motifs, respectively, into their cyto-
plasmic domains resulting in superior cytokine and proliferative 
responses against tumors.14–16 Recent reports have demonstrated 
startling clinical responses using enriched CAR–T-cell infu-
sions against CD19 in chronic and acute B-cell malignancies.17,18 
However, many tumors, including AML, do not share the antigen 
restriction demonstrated by CD19. We wished to use a TAA with 
wide applicability in hematologic and solid organ malignancies. 
LeY is a difucosylated carbohydrate antigen and although its func-
tion is not known, it is expressed on a range of proteins includ-
ing some TAA,19 often at high copy number, on a wide range of 
malignancies including AML20,21 but with only limited expression 
on normal tissue.22 Its expression has correlated with poorer prog-
nosis in some cancers.23

We generated CAR T cells by using the single-chain variable 
(scFv) region of the mAb against the TAA Lewis (Le)-Y coupled to 
the cytoplasmic domains of CD28 and the TCR-ζ chain. We have 
previously shown efficacy of these cells in mouse models of LeY-
expressing tumors24 in addition to functional differentiation of the 
human LeY CAR T cells and interferon γ (IFN-γ) and interleukin 
2 (IL-2) secretion in response to LeY-expressing myeloid leukemia 
cells in vitro.25,26 In this study, we assessed the safety of LeY CAR 
T cells in patients with relapsed AML, in whom the blasts were 
shown to express LeY. Our findings indicate that successful T-cell 
transduction and expansion of CAR T cells can be undertaken in 
patients with relapsed AML. These autologous CAR T cells can be 
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infused safely, show tissue specific localization, in vivo persistence, 
and potential antileukemic efficacy.

RESULTS
Patient characteristics
Five patients with relapsed AML were enrolled (Table 1). 
Adequate peripheral blood mononuclear cells (PBMC) were har-
vested in all cases (1.64 × 109 to 26.5 × 109). Patient 3 died from 
complications of sepsis related to reinduction chemotherapy. Four 
patients received CAR T cells. Three patients (patients 1, 2, and 5) 
had evidence of cytogenetic minimal residual disease at the time 
of CAR–T-cell infusion. Patient 4 had active leukemia in the bone 
marrow (BM) and peripheral blood (PB) at the time of CAR–T-
cell infusion. The median dose of T cells infused was 1.1 × 109 
(range 5 × 108 to 1.3 × 109). The proportion of transduced T cells 
was between 14 and 38% (Figure 1) and cell viability was >96% 
in all cases. Indium111 labeling was successful in all cases and the 
number of labeled cells infused was between 1 × 108 and 2.6 × 108.

Tolerability of infusions
Infusions were well tolerated. No episodes of tumor lysis syn-
drome were seen. No patients experienced grade 3 or 4 toxicity. 
One patient (patient 2) had a transient grade 2 neutropenia 3 
months after CAR–T-cell infusion, which resolved spontaneously. 
No autoimmune disorder or new monoclonal T-cell population 
was detected in the postinfusion period (data not shown).

AML response to infusion of LeY T cells
Three patients (patients 2, 4, and 5) had evidence of biological 
responses to CAR–T-cell infusion (Table 1). Before CAR–T-cell 
infusion, and despite reinduction of morphological CR with 
fludarabine and cytarabine, patients 1, 2, and 5 all showed evi-
dence of persistence of a cytogenetically abnormal clone.

Following CAR–T-cell infusion in patient 2, the cytogenetic 
clone remained detectable on repeat BM aspirates; however, a 
morphologic and immunophenotypic remission was sustained 
for 23 months.

Patient 4 had no discernible benefit from reinduction chemo-
therapy and still had active and frank leukemia at the time of infu-
sion of 1.2 × 108 CAR T cells. Despite this, a reduction in the PB 
blast count was observed from 25 × 109/l to 8 × 109/l immediately 
following CAR–T-cell infusion (Figure 2). In this patient, the 
complete absence of a previous benefit from prior Fludarabine-
containing chemotherapy suggested that the infused CAR T cells 
contributed to the observed decrease in blast counts, although a 
contribution from the preconditioning fludarabine regimen can-
not be fully excluded. However, this patient had also had a prior 
history of leukemia cutis and developed a transient skin rash 
4  days after infusion, which resolved in 5 days without specific 
management (Figure 3). A skin biopsy from this rash on day 
6 after CAR–T-cell infusion revealed a lymphocytic infiltrate 
(Figure 3). The patient developed a new rash on day 22 after infu-
sion; histology and immunohistochemistry showed infiltration 
of the skin with AML blasts (CD33+), the skin biopsies taken on 
day 6 and 22 were also infiltrated with CD4+ and CD8+ T cells 
(Figure 3). Subsequently, disease progression occurred at 1 month 
after infusion. Ta

b
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Patient 5 showed post–CAR-T infusion clearance of the cyto-
genetically abnormal clone. This cytogenetic response was main-
tained until disease progression at 5 months.

In patients 2, 4, and 5 the AML blasts present at relapse con-
tinued to express LeY antigen at levels comparable with those 
seen in enrolment samples (Table 1) indicating that progression 
was not due to antigenic shift in the AML population.

In summary, patient 1 relapsed 49 days after T-cell infusion 
(see Table 1) and subsequently died with AML disease restricted 
to the marrow. Patient 2 remained with cytogenetic disease out to 
23 months, before enrolment in another trial. A transient reduc-
tion in circulating blasts was observed in patient 4, but disease 
progressed at day 28 with AML blasts present in the circulation. 
Patient 5 achieved a transient cytogenetic remission, but relapsed 
5 months after T-cell transfer and subsequently died with AML 
disease restricted to the marrow.

LeY T cells traffic to the BM and persist after adoptive 
transfer
Due to the limited sensitivity of the anti-idiotype antibody to 
detect functional CAR expression on T cells ex vivo, a quantita-
tive PCR (qPCR)-based assay was used to determine trafficking 
and persistence of T cells following transfer. Trafficking and per-
sistence of CAR T cells was detected by PCR after infusion in the 
PB and BM of all patients. Patient 1 was infused with 0.9 × 108 
transduced T cells. Qualitative PCR for the LeY transgene demon-
strated persistence of the infused CAR T cells in the PB and BM 
until disease progression at day 49 (Supplementary Figure S1). 
However, qPCR demonstrated a copy number of 3,890 per 1,000 
cells in the T-cell product and low-level persistence of CAR T 
cells at a level of ~10 per 1,000 PBMC only until day 14 after infu-
sion (4). Patient 2 was infused with 1.3 × 108 LeY T cells, which 
remained detectable in the PB and BM by PCR until 10 months 
after adoptive transfer (Supplementary Figure S1) and by qPCR 
analyses until day 55 (Figure 4). The T-cell product for this patient 
showed by LeY transgene qPCR 8,600 transgene copies per 1,000 
cells and showed a spike in LeY transgene copy number on day 
21 in the BM of 1,100 copies per 1,000 cells, indicating increased 
trafficking or expansion of the CAR T cells in the BM (Figure 4). 
This evidence of CAR–T-cell persistence and likely expansion in 
patient 2 was associated with the longest time to progression (23 
months) of any of the patients treated.

Patient 4 was infused with 1.2 × 108 transduced T cells, con-
taining 1,300 copies per 1,000 cells. qPCR showed that despite 
low-level persistence in BM (Figure 4) high-level persistence of 
transduced T cells were found within the biopsies of affected skin 
using histology (Figure 3) and qPCR (Figure 4), indicating focal 
trafficking to areas of AML involvement.

Patient 5 was infused with 3.4 × 108 transduced T cells con-
taining 6,801 copies per 1,000 cells. qPCR showed persistence of 
infused cells until 4 months in PB (Figure 4), a result which was 
confirmed by qualitative PCR (Supplementary Figure S1).

Commensurate with the increase in copy number in patient 
2, a spike in serum interferon (IFN)-γ and IL-2 was also seen in 
the first 48 hours after CAR–T-cell infusion (Figure 5). A similar 
IFN-γ and IL-2 spikes were seen in patient 4 (Figure 5). Serum 
IL-4, IL-5, IL-10, and TNF were also assessed but showed no 
change after infusion of CAR T cells.

Tracking of In111-labeled cells with SPECT scan
In111-labeled cells were serially imaged with SPECT scanning 
at five time points after infusion. A similar pattern was dem-
onstrated in all patients. A representative series of images is 
shown for patient 2; initial pulmonary localization at 0.5 hours 

Figure 1 AML patient PBMCs were transduced and expanded 
in vitro to express the LeY CAR and expanded to produce the T-cell 
product. Successful transduction was confirmed by T-cell expression 
of the LeY CAR, as detected by anti-idiotype (Id) binding and flow 
cytometry analysis. Data are presented as dot plots with an isotype 
control (left-hand panels) and anti-Id staining for each AML patient 
T-cell product (right-hand panels) with the percent anti-Id positive 
shown in each lower quadrant. AML, acute myeloid leukemia; CAR, 
chimeric antigen receptor; PBMC, peripheral blood mononuclear 
cells.
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was observed followed by redistribution and accumulation in 
the BM and spleen from 4 hours (Figure 6). A summary of dis-
tribution of tracking in the remaining patients is outlined in 
Table 2.

DISCUSSION
Adoptive immunotherapy, using autologous CAR T cells is 
an emerging therapy in solid tumors and hematologic can-
cers,2,18,27,28 which merges the targeted specificity of monoclonal 

Figure 2 Reduction in peripheral blood blast count in patient 4 fol-
lowing adoptive cell transfer of CAR T cell (indicated at day 0 by 
arrow). CAR, chimeric antigen receptor.
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Figure 3 Localization of CAR T cells to skin in patient 4. In skin biop-
sies (taken days 6 and 22 after CAR T infusion), sections were stained 
by H&E, and IHC for CD33 and CD3, CD4, and CD8; staining shows 
infiltration of the skin by CD4+ and CD8+ T cells and CD33+ blasts. CAR, 
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antibodies with the potent cytotoxicity, potential for expansion, 
and long-term persistence of cytotoxic T cells.29 We found that 
the program of treatment including the generation and infu-
sion of CAR T cells could be safely delivered to patients with 
relapsed/refractory AML. Other investigators have observed 
symptoms such as fever, malaise, and myalgias after CAR–T-
cell infusion coinciding with increases in IFN-γ and IL-6 pro-
duction.30 These transient acute toxicities were not seen in our 
patients even though we were able to demonstrate production 
of IFN-γ by the infused T cells in the early postinfusion period 
in two patients. We did not encounter the serious immune acti-
vation syndrome previously reported with adoptive transfer of 
T cells.31

We also identified, by both qualitative and quantitative PCR, 
that transduced CAR T cells persisted in patients for, in some 
instances, many months. Our qPCR data on the preinfusion prod-
uct suggested that between 8 and 17 DNA copies per cell was 
being achieved. This is more that the rather modest transduction 

rates suggested by anti-idiotype staining. We have previously 
shown that there is a relationship between DNA copy number and 
transduction efficiency with this system (Neeson et al.29). In the 
non–Good Manufacturing Practice (GMP) research laboratory 
setting, we have previously found that we achieved between 1.9 
and 14.7 LeY transgene copies per cell with a transduction effi-
ciency demonstrated by anti-Id staining of between 21 and 69%. 
Furthermore, we also showed a correlation between high trans-
gene copy number by PCR and higher CAR expression by flow 
cytometry. The apparent discrepancy seen in the GMP-grade 
product between the copy number detected in or qPCR assay 
and the percentage transduced cells in the infused product likely 
reflects an underestimate of the transduction achieved in the 
large-scale GMP-grade production runs used in this clinical trial. 
However, we acknowledge that further optimization of vector and 
transduction procedures are necessary to optimize clinical effi-
cacy. Nevertheless, our infused absolute T-cell doses of between 
5 × 108 and 1.3 × 109 T cells equates to an infused LeY cell dose of 
1.48–4.72 × 106/kg similar to the T-cell dose/kg anti-CD19 CAR T 
cells/kg which have resulted in clinical responses in chronic lym-
phocytic leukemia.18

Figure 5 Increase in systemic IFN-γ and IL-2 occurred after adoptive 
transfer of LeY T cells. Cytokines were assessed in the serum of patients 
before infusion or after infusion of LeY CAR T cells at the indicated times. 
Cytokine levels were measured in duplicate wells by Luminex assay as 
per the methods. CAR, chimeric antigen receptor. D, day; h, hour.
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Figure 6 Tracking of In111-labeled cells with SPECT scan. In111-labeled 
cells were serially imaged with SPECT scanning at five time points after 
infusion in patient 2. Initial pulmonary localization at 0.5 hours is seen 
followed by redistribution and accumulation in the bone marrow (thin 
arrow) and spleen from 4 hours (thick arrow). In addition, increased traf-
ficking can be seen in the nasal mucosa, due to a coexisting viral upper 
respiratory tract infection. A summary of distribution of In111-labeled cells 
in the other three patients after infusion is shown in Table 2.

0.5 hour 4 hours 15 hours

24 hours

Anterior Posterior Anterior Posterior Anterior Posterior

Anterior Posterior Anterior Posterior

48 hours

Table 2 Distribution of radiolabeled cells

Patient Lung Spleen Bone marrow

1 Y Y N

2 Y Y Y

4 Y Y N

5 Y Y Y
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We demonstrated by serial SPECT scanning that the infused T 
cells localize to the BM, a finding confirmed by PCR analysis of PB 
and marrow samples. LeY T cells were detectable in all patients by 
PCR until relapse, which ranged from 28 days to 23 months. The 
average copy number of transgene within the cells in the T-cell 
product was highly variable ranging from 1.3 to 8.6. However, it 
is of interest that patient 2 with the highest transgene copy num-
ber in the T-cell product (8.6) had the highest transgene content 
detectable in the marrow at day 21 (1.1 transgene copies per cell) 
and also had the most durable clinical response. This patient’s 
demonstrable increase in transgene copy number in the BM 
sample 21 days after CAR–T-cell infusion, suggests increased traf-
ficking and/or proliferation of the cells in the BM. We have pre-
viously shown that, in preinfusion CAR–T-cell products, a high 
LeY transgene copy number is associated with increased expres-
sion of the CAR and was associated with increase antigen-specific 
CAR–T-cell cytotoxicity and cytokine release.25 Unfortunately, as 
our pilot studies indicated the anti-Id antibody had a low affin-
ity and could only detect LeY T cells when they were present in 
a spiked sample at a ratio of >1:10, this was unlikely to be useful 
as a detection assay. Therefore, due to the limited sensitivity of 
the anti-idiotype antibody to detect functional CAR expression 
on T cells ex vivo we did not incorporate anti-idiotype assessment 
of ex vivo samples.

Using the PCR to detect the presence of transgene, we also 
demonstrated localization of the infused T cells to the skin of 
patient 4, who developed a skin rash shortly after the infusion. 
In this patient, CAR T cells showed the ability to traffic to the 
BM and the skin, both were sites of disease involvement. This 
demonstrable migration of effector CAR T cells to the skin and 
BM was accompanied by a transient drop in leukemic blast count. 
Interestingly, a higher percentage of CD4+ T cells compared with 
CD8+ T cells was found in skin biopsies using histological analy-
ses, despite an approximately equal CD4:CD8 ratio (49.1%:47.9%) 
of these cells in the T-cell–infusion product. The reasons for this 
are not clear, but could include differential expression of skin-
homing chemokine receptors on the two T-cell subsets. It is worth 
noting that although the CAR construct contains the hinge region 
from CD8, it is only a short segment of the entire CD8 molecule 
and unlikely to be detected using the antibodies in our histologi-
cal analyses.

Given the progression of AML in all patients, despite demon-
strable CAR–T-cell persistence, we explored the possibility that 
residual AML blasts had lost LeY expression. In all patients, LeY 
expression on myeloblasts analyzed at progression remained 
comparable with that expressed at enrolment. Alternatively, the 
failure of adoptively transferred T cells to control disease may 
have been due to downregulation of transgene expression as has 
been observed previously.32 In the present study, we were unable 
to definitively determine transgene expression on T cells follow-
ing transfer due to their low frequency and low sensitivity of the 
anti-idiotype antibody. Another possible explanation for AML 
progression despite continued antigen expression and CAR–T-
cell persistence is that the BM of patients with AML is an immune 
suppressive environment rendering the CAR T cells unrespon-
sive. Support for this concept can be found in a mouse model of 
AML,33 where PD-1/PDL-1 and TIM-3/Galectin-9 interactions 

were shown to suppress tumor-resident T-cell responses in vivo. 
Inhibitory molecules (TIM-3, CTA-4, PD-1, BTLA, LAG3, and 
CD200R) play a role in immune suppression induced by hema-
tological cancers including AML.34 Thus, to circumvent such phe-
nomena, adoptive therapy with CAR T cells could be enhanced 
by immune checkpoint blockade combination therapy; blocking 
antibodies to CTLA-4 (ipilimumab)35–37 and PD-138 have already 
shown efficacy in clinical trials.

We have demonstrated that CAR T cells against the novel 
antigen LeY can be successfully generated and safely infused in 
patients with high-risk AML and show appropriate in vivo traf-
ficking, appropriate persistence and functional activity. These 
characteristics are all likely to be critical to induce and maintain 
clinical responses and underscore the feasibility of this approach 
in a heavily pretreated population of patients with high-risk 
hematologic malignancy.

Our demonstration of long-term persistence of the CAR T 
cells indicates that this strategy provides a highly suitable platform 
for combinational immunotherapies that promote ongoing CAR 
expression by T cells.

This may be best achieved by the development banks of pre-
produced CAR T cells which are frozen for later, potentially mul-
tiple, infusions. In our study, we used a single injection of freshly 
transduced autologous T cells. However, T-cell products typically 
retain good viability following cryopreservation, and this proce-
dure may provide an opportunity for repeated administration of 
gene modified T cells. Similarly, the development of third gen-
eration CAR T cells, which have recently shown potent clinical 
effect and the ability to both persist and expand in vivo, may be 
necessary for optimal tumor control. However, equally likely as 
contributors to the success of the anti-CD19 CAR T cells is the 
density of antigenic target on the surface of tumor cells. LeY, 
although expressed on a proportion of AML blasts, is expressed 
more strongly and more uniformly on epithelial tumors. We pro-
pose to now extend our initial findings in this study to a study in 
advanced lung cancer.

MATERIALS AND METHODS
Patients and study design. This study is a single centre phase 1 clinical 
trial approved by the institutional ethics committee (PMCLeYPh1-01) 
and the Therapeutic Goods Administration of Australia; trial registration 
number: CTX 08-0002. All patients provided written informed consent. 
We evaluated the safety and tolerability of an intravenous infusion of 
autologous PB T lymphocytes transduced with the anti-LeY-scFv-CD28-ζ 
vector in patients with LeY-expressing AML. In addition, we assessed clini-
cal responses, immunologic activities, in vivo tracking pattern, and persis-
tence of the LeY CAR T cells.

Eligibility criteria. Patients were eligible for enrolment if their diagnostic 
or relapsed BM sample showed positive expression of LeY by flow cytom-
etry defined as having

(i)  LeY expression on at least 20% of myeloid blasts and
(ii)  the median fluorescence intensity of LeY expression on myelo-

blasts of at least twice that of lymphocytes contained within the 
same sample

and were >18 years of age and had a confirmed diagnosis of high-risk 
AML, defined as >65 years or 56–65 years with any of monosomy 7, 
monosomy 5, trisomy 8, abnormal 3q, t(6;9), t(9;22), or t(9;11), normal 
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karyotype with FLT3-ITD or with a complex aberrant karyotype defined 
as >4 cytogenetic abnormalities or if they had relapsed or refractory 
disease, had an ECOG performance status of 0–1, a lymphocyte count 
of ≥0.5 × 109/l at enrolment and adequate organ function. Patients were 
excluded if the white cell count exceeded 30 × 109/l, or if they had received 
immunotherapy, chemotherapy, or G-CSF within 4 weeks of enrolment.

CAR–T-cell production and infusion. All cell production occurred under 
GMP conditions in the Centre for Blood Cell Therapies at the Peter 
MacCallum Cancer Centre (www.celltherapies.com.au) and satisfied strict 
release quality criteria (Supplementary Tables S1 and S2).

PBMC were collected from eligible patients by steady state apheresis 
(2 hour collection procedure on Cobe Spectra; Terumo BCT, Sydney, 
Australia) and cryopreserved for potential manufacture of CAR T cells.

The CAR gene construct used in this study used the extracellular 
membrane-proximal 60 amino acids from the immunoglobulin 
superfamily member, CD8, which are thought to function as a hinge/
spacer region. Hinge regions from other immunoglobulin superfamily 
members can also be used in CAR constructs, including those from IgG1 
and IgG4, but we used the CD8 hinge in our developmental work and this 
was determined to be adequate to enable antigen-specific function from 
transduced T cells.

The chimeric receptor was engineered as previously reported using 
the extracellular humanized scFv, recognizing the LeY Ag, linked to 
an extracellular CD8 hinge region, a transmembrane and cytoplasmic 
CD28 signaling domain, and CD3 ζ-signaling chain.24 The humanized 
anti-LeY scFv-CD28-ζ receptor was cloned into the pSAMEN retroviral 
vector (lacking the neomycin phosphotransferase gene) and transfected 
into the packaging line PG13.24 In pSAMEN, expression of the construct 
is driven by the long terminal repeat promoter region of the Moloney 
murine leukemia virus. A retroviral vector was used in this study because, 
at the time of protocol development, this vector system was seen as more 
established and readily acceptable to our regulatory body, the Therapeutic 
Goods Administration.

Following successful collection of PBMC, and within 24 months of 
collection, each eligible patient was treated with one cycle of a fludarabine 
30 mg/m2 D1-5 and, cytarabine 2 gm/m2 D1-5 to achieve both reduction 
of AML disease burden and to promote homeostatic proliferation of the 
subsequently infused CAR T cells. Following chemotherapy and after 
BM recovery (or 4 weeks which ever occurred first), patients with proven 
residual disease were eligible to receive autologous LeY CAR T cells, 
which were infused within 6 weeks from the end of the chemotherapy.

CAR T cells were generated with a 12 day manufacturing process. 
On day 12, before planned infusion, patient’s frozen MNC were rapidly 
thawed then cultured in vitro for 3 days in the presence of the T-cell–
activating  antibody anti-CD3, (OKT-3 monoclonal antibody 30 ng/ml; 
Janssen-Cilag Pharmaceuticals, North Ryde, Australia) and recombinant 
human IL-2 (PROLEUKIN 600 IU/ml; Chiron Therapeutics, Emeryville, 
CA) in AIM-V CTS medium (Therapeutic Grade; GIBCO, Life 
Technologies, Mulgrave, Australia) supplemented with 2% human pooled 
AB serum (Valley Biomedical, Winchester, VA) in cell culture vessels at 37 
°C in a humidified 5% CO2 incubator. On day 9, activated T cells (1.75 × 108 
to 2.61 × 108) were transduced with retroviral supernatant (EUFETS AG 
Aktiengesellschaft, Idar-Oberstein, Germany) containing retroviral vector 
constructs. The transduction procedure was performed in the cell culture 
vessels which are precoated with clinical grade RetroNectin, (Takara Bio, 
Shiga, Japan). Transduction was performed twice (on consecutive days 9 
and 8).

CAR T cells were expanded for a further 7 days in AIM-V CTS 
medium supplemented with 2% human pooled AB serum and IL-2 at 
600 IU/ml. Viable cell concentrations were generally maintained between 
0.5 × 106 and 0.75 × 106 per milliliter by the addition of fresh medium.

On day 0, expanded CAR T cells were washed with phosphate 
buffered saline and concentrated using the CytoMate Cell Washer 

(Nexell, Zug, Switzerland). The final T-cell product was formulated into 
100 ml of sterile normal saline supplemented with 5% Albumex20 (CSL, 
Melbourne, Australia).

Phenotypic characterization of day 2 culture was evaluated by 
using flow cytometry of the surface markers CD3, CD4, and CD8 (BD 
Biosciences) expression. The percentage of LeY-positive T cells was 
determined by staining with an anti-idiotype (custom conjugated) 
antibody.

All cryopreserved MNC products and T-cell products (unlabeled and 
Indium111 labeled) met the acceptance criteria defined in the protocol. 
Our data demonstrated the feasibility and efficiency of the manufacturing 
process and associated quality control testing for the CAR T cells. Samples 
were collected at day 12 and day 0 of the manufacturing procedure for 
subsequent functional analyses.

CAR–T-cell labeling for SPECT scanning. Based on T-cell count in the 
product, a defined aliquot was calculated and removed for labeling with 
Indium-111 Oxine (GE Healthcare, Arlington Heights, IL). Labeled cells 
were washed, assessed for activity, and then resuspended in 50 ml of sterile 
normal saline supplemented with 5% Albumex20 (CSL), and a minimum 
of 1 × 108 T-labeled cells were coinfused with the remainder of the CAR T 
cells. Indium-labeled CAR T cells were tracked by serial SPECT scanning 
at 0.5, 4, 15, 24, and 48 hours after infusion.39

T-cell product infusion and monitoring schedule. Following precondi-
tioning with fludarabine 30 mg/m2 D1-5 and cytarabine 2 gm/m2 D1-5 
and after BM recovery (or 4 weeks whichever occurred first), patients with 
proven residual disease were eligible to receive autologous LeY CAR T cells 
at a minimum absolute cell dose of 5 × 108 T cells including a minimum 
of 1 × 108 anti-LeY–positive T cells. The maximum number of reinfused 
T cells could not exceed 4 × 1010 as required by the IRB and Therapeutic 
Goods Administration in keeping with the first-time-in-man nature of the 
CAR construct. Adverse events were recorded according to NCI CTCAE 
version 3.

Monitoring of LeY T cells by qualitative and quantitative transgene PCR 
and functional assays. Anticoagulated PB was collected at 1, 2, 4, and 8 
hours, days 1–7, 9, 14, 21, and monthly until progression. BM samples 
were collected at day 7 and 21, and 3 monthly until disease progression. 
Lymphocytes and serum were stored for immunological analysis.

In vivo persistence of infused LeY CAR T cells was assessed by 
qualitative and quantitative PCR for the LeY transgene.

Patient PBMC or BM genomic DNA were prepared using lysis buffer 
(1 × Promega Colorless Go Taq Flexi Buffer, 2 mmol/l MgCl2, 100 ng/ml 
proteinase K, and 0.5% Tween-20 in MilliQ water; Promega, Madison, 
WI). DNA was extracted from cryopreserved BM or PBMC pellets 
by lysing 1 × 106 cells in 100 µl of lysis buffer at 55 °C for 1 hour, heat 
inactivating at 95 °C for 15 minutes and stored at −20 °C. The primers 
and probes for both PCR and qPCR are listed below (5′ to 3′ in each case) 
(Supplementary Table S3); primers were obtained from Sigma-Aldrich 
(St Louis, MO) and the TaqMan TAMRA probes were purchased from 
Applied Biosystems, Life Technologies (Mulgrave, Australia).

PCR was performed using the MJ Research PTC-200 Peltier Thermal 
Cycler (MJ Research, St Bruno, Quebec, Canada) on 10 µl of DNA 
extracts with 250 nmol/l LeY forward and reverse primers, 0.5 mmol/l 
MgCl2, 0.2 mmol/l dNTPs, and 0.025 U/µl Go Flexi DNA polymerase 
(Promega) for 35 cycles of 30 seconds denaturation at 95 °C, 30 seconds 
annealing at 62 °C and 30 seconds extension at 72 °C. pSAMEN-LeY and 
pSAMEN vectors of 10 ng were added as positive and negative controls 
in all PCR runs.

qPCR was performed on a ABI Prism 7000 Sequence Detection 
System (Applied Biosystems, Life Technologies) using TaqMan (Applied 
Biosystems, Life Technologies) chemistry according to manufacturer’s 
instructions with 10 µl DNA solution and primers LeY (forward) LeY 
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(reverse) and am (reverse) at 300 nmol/l, am (forward) at 100 nmol/l and 
probes at 200 nmol/l. All samples were run in triplicate. Standard curves 
were prepared using serial dilutions of pSAMEN-LeY plasmid (LeY) or 
DNA prepared from normal PBMC (am). The copy number of unknown 
samples was interpolated from the standard curves using GraphPad Prism 
Software (La Jolla, CA). The am (housekeeping) gene was assumed to be 
single copy and diploid and used to estimate copy number per cell for the 
LeY gene. The sensitivity of the PCR and qPCR assays was assessed by 
titrating transduced normal donor cells into autologous mock-transduced 
cells. This study showed LeY transgene could be reliably detected at 
1:100,000 cells (PCR) or 1:5,000 (qPCR) (data not shown).

Plasma cytokine assays. Plasma separated from PB and BM aspirate were 
analyzed in batches on the Luminex 200 (Luminex xMAP Technology; 
Luminex, Austin, TX) using the Millipore Milliplex Human Cytokine/
Chemokine kit (Luminex) for IFN-γ, IL-2, IL-4, IL-6, IL-10, and TNF, and 
the Milliplex MAP kit (Luminex) for TGF-β Single Plex according to manu-
facturer’s instructions for plasma samples.

SUPPLEMENTARY MATERIAL
Figure S1. LeY T cells are present in the peripheral blood (PB) and 
bone marrow (BM) for extended periods after infusion.
Table S1. Release criteria for radiolabeled T-cell product for T-cell–
tracking studies.
Table S2. Release criteria for manufactured T-cell product for thera-
peutic administration.
Table S3. Primer and probe set used to detect LeY transcripts in 
CAR–T-cell product and patient samples.
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