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Abstract 

T cell based immunotherapies can be applicable to acute myeloid leukemia (AML). Therefore, the selection of optimal T cells, cell 
manufacturing, and therapeutic T cell engineering are essential for the development of effective adoptive T cell therapies for AML. 
Autologous tumor-infiltrating lymphocytes (TILs) have been in clinical trials to treat solid malignancies. Herein, we assessed whether 
TILs can be isolated from the bone marrow (BM) of AML patients, expanded ex vivo and utilized as a novel therapeutic strategy for 
AML. To this end, firstly we analyzed the immunophenotypes of a series of primary BM samples from AML patients ( N = 10) by 
flow cytometry. We observed a variable amount of CD3 + TILs (range ∼2.3–∼32.6% of mononuclear cells) among BM samples. 
We then developed a novel protocol that produced a three-log ex vivo expansion of TILs isolated from AML patient BM ( N = 10) 
and peripheral blood (PB) ( N = 10), including from patients with a low number of CD3 + T cells, within 3, 4 weeks. Further, we 
identified previously described naïve T cells (CCR7 + CD95-/or CD62L + CD45RA + ) in AML BM and PB samples, which seemed 

to be required for a successful TILs ex vivo expansion. Finally, we showed that the expanded TILs could: (1) cause cytotoxicity to 

autologous AML blasts ex vivo (90.6% in control without T cell treatment vs. 1.89% in experimental groups with PB derived T 

cells and 1.77% in experimental groups with BM derived TILs, p < 0.01), (2) be genetically engineered to express CYP27B1 gene, 
and (3) infiltrate the BM and reside in close proximity to pre-injected autologous AML blasts of engrafted immunodeficiency mice. 
Altogether, these results provide a rationale for further studies of the therapeutic use of TILs in AML. 
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AML is a hematological malignancy that is characterized by infiltration of 
he bone marrow, blood, and other tissues by poorly differentiated blasts [1] .
ntensive induction chemotherapy for fit patients and subsequent allogeneic 
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hematopoietic stem cell (HSCs) transplantation (Allo-HCT) have resulted
in long-term remission [2–4] . However, treatment failure is common, as
manifested by disease refractory and relapse [5] . One of the major difficulties
in AML treatment is the inability to track and recognize antigens found on
leukemia stem cells (LSCs), and eliminate those quiescent and chemotherapy-
resistant LSCs [6–8] . In addition, the treatment options for older, unfit
patients are limited with molecular targeted therapies offering palliation but
they do not lead to disease remission. Thus, the outcome for this specific
population remains dismal, with a median survival of only 5 to 10 months.
Therefore, a novel, effective therapy is an unmet need for AML patients with
relapsed/refractory disease and elderly patients [ 9 , 10 ]. 

Cancer immunotherapy utilizes components of the immune system to
eliminate cancer cells while sparing healthy cells [ 11 , 12 ]. Bioengineering
T cells by generating Chimeric Antigen Receptor T cells (CAR-T) is a
new approach to provide precise and personalized immunotherapy for each
cancer patient [13] . Albeit effective in acute lymphocytic leukemia (ALL),
the applicability of CAR-T to AML remains to be fully proven. Recently,
engineered tumor infiltrating lymphocytes (TILs) or marrow-infiltrating
lymphocytes (MILs) have received widespread attention because of their
efficacy in treating metastatic solid tumors [14] and multiple myeloma [15] .
In contrast to CAR-T therapies, TILs have the advantage of being able to
respond to multiple signals from the tumor microenvironment and antigens
on cancer cells [ 16 , 17 ]. However, problems including deficiency, dysfunction
and exhaustion of TILs in the cancer microenvironment remain to be solved
[ 18 , 19 ]. 

We hypothesize here that TILs can be found in the bone marrow (BM)
of AML patients and that derived TILs combined with immune checkpoint
blockage is a novel, therapeutic strategy for AML. 

Materials and methods 

The list of reagents including manufacturers and catalogues of antibodies
and kits are found in the supplementary data ( Supplementary Table 1 ). 

Human samples 

AML BM samples ( Patients #1–10, Table 1 ) were obtained from Loma
Linda University Cancer Center Biospecimen Laboratory (LLUCCBL).
AML Peripheral Blood and BM samples ( Patients #11–20, Table 1 ) were
obtained from the City of Hope National Medical Center (COHNMC).
All donor patients signed an informed consent form. Sample acquisition
was approved by the Institutional Review Boards at the LLUMC and the
COHNMC in accordance with an assurance filed with and approved by the
Department of Health and Human Services, and it met all requirements of
the Declaration of Helsinki. 

Mice 

NRG (OD- Rag1 null IL2rg null ) mice were purchased from the Jackson
Laboratory (Bar Harbor, ME) and housed in a specific pathogen-free animal
facility at Loma Linda University (LLU). All mice were used at the age of 8
weeks. All experiments were performed in compliance with an Institutional
Animal Care and Use Protocol approved by LLU Animal Care and Use
Committee. 

Isolation of TILs from AML patient bone marrow samples 

CD3 + T cells from bone marrow mononuclear cells (BMMNC)
were separated by using CD3 microbeads (Miltenyi Biotech, Germany)
and a MiniMACS TM Separator with an MS Column according to the
manufacturer’s protocol. Selected CD3 + T cells were considered AML TILs.
x-vivo expansion of high number TILs by a traditional T cell protocol 

CD3 + TILs were isolated from AML BMMNC by the pull-down
hrough CD3 microbeads and magnetic separation. The non-CD3 + cells
feeder cells) were pre-treated with 10 μg/mL mitomycin-C for 2 h to arrest
ell proliferation. CD3 + TILs and feeder cells were co-cultured at 37 °C
nd 5% CO 2 in a RPMI 1640 culture medium containing 10% fetal bovine
erum (FBS, HyClone), 100μg/ml penicillin/streptomycin, and Interleukin 
IL-2) (1000 U/ml, Peprotech). Seeding cell density was 300 μl of 100,000
ells/ml in each well of 48-well-plates. For the maintenance of quickly
xpanded TILs, we performed a medium change every 2, 3 days, and split
ells at the ratio of 1:4 when reaching 80 % confluent. TILs were stimulated
ith 30 ng/mL human anti-CD3 (OKT3, Biolegend). Around 10–14 days,
e started to culture TILs in 12-well-plates or T25 flasks for expansion of

arge amounts before further analyses. 

x-vivo expansion of low number TILs by a modified T cell protocol 

/1) media with cytokines 
CD3 + T cells were cultured at 37 °C and 5% CO 2 in a RPMI

640 culture medium containing 10% fetal bovine serum (FBS, HyClone)
ith penicillin/streptomycin (100 μg/ml), IL-2 (1000U/ml, Peprotech), and 
ynabeads® Human T-Activator CD3/CD28 (Gibco TM ) without feeder cells. 

/2) timeline of TIL expansion 
Stage 1 (Naïve TILs) : The seeding cell density of CD3 + TILs was around

00 μl of 20,000 cells/ml in appropriate wells of 48-well-plates. Due to the
ow cell density of TILs, we added fresh media at a 1:1 ratio to each well every
 days and mixed the cells/media. Based primarily on the growth of the TILs,
e performed media change every 5–7 days and split cells at the ratio 1:3. 

Stage 2 (Ready to grow): After 7 days, IL-7 (25ng/ml, Peprotech) and IL-15
25ng/ml, Peprotech) were added to the media along with IL-2 (1000U/ml).
very patient BMMNC sample was different; however, we preferred to
aise TILs in 48-well-plates for expansion to sufficient amounts during the
eginning 10–14 days instead of in large wells and flasks. 

Stage 3 (Quickly expand and differentiate into T effectors): After 10–14
ays, TILs grew very fast. We performed media change every 2 days and split
uickly expanded TILs at the ratio 1:4 to 1:8. Then, we expanded TILs in
ultiple 48 or 24 well-plates. Dynabeads® Human T-Activator CD3/CD28 
as used once for re-stimulation of TILs. 

low cytometry (FACS) 

Expanded TILs were harvested and examined for the expression of
ell surface biomarkers (CD) and intracellular proteins for T cells by
ultichromatic FACS. Briefly, about 1 × 10 4 ∼10 6 cells in 100 μl FACS

uffer (PBS containing 1% FBS and 0.05% sodium azide) were stained
ith various fluorescence-conjugated antibodies specific for the desired cell 

urface proteins at 4 °C for 30 min. The surface-stained cells were then fixed
nd permeabilized using the appropriate reagents (e.g. the BD Pharmingen
ytofix/Cytoperm buffer) and stained with different fluorescence-conjugated 

ntibodies specific for the desired intracellular proteins at 4 °C for 30 min in
he permeabilizing buffer (e.g. the BD Perm/Wash buffer). Finally, the cells
ere washed twice in the permeabilizing buffer and twice in the FACS buffer
efore being analyzed on the BD FACSAria II. Data was analyzed using the
lowJo software (Treestar). 

ytotoxicity assay 

We performed the cytotoxicity assays by co-culturing engineered TILs 
ith primary AML blasts from the same patient (isolated by CD33-
icrobeads pull-down) in 24-well plates. AML blasts from BMMNC were
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Table 1 

List of AML patients for the FACS screening and ex vivo / in vivo studies. 

No. Diagnosis Disease Status Age Sex Cytogenetics(Karyotype) Gene Mutation 

1 AML Newly Diagnosed 32 F Normal FLT3, CEBPA and NPM1: NEGATIVE 

2 AML Newly Diagnosed 70 M Normal The molecular analyses of CEBPA, FLT3 

and NPM1 mutations show only positive for 

FLT3 internal tandem duplication mutation 

(FLT3-ITD) 

3 AML Diagnosed 35 M Normal FLT3, CEBPA and NPM1: NEGATIVE 

4 AML Newly Diagnosed 59 M Normal CEBPA negative; NPM mutation not detected; 

FLT3 ITD not detected 

FLT3 TKD not detected 

5 AML Newly Diagnosed 53 M inv(16)(p13.1q22) MYH11/CBFB FLT3, CEBPA and NPM1: NEGATIVE 

6 AML Diagnosed 65 M Normal FLT3 ITD ( + ), CEBPA (-), NPM 1 ( + ), c kit (-), PML 

RARA 

7 AML Newly Diagnosed 45 M Normal CEBPA, DNMT3A, FLT3, IDH1/2, KIT, KRAS, 

NRAS, RUNX1 TP53 

8 AML Diagnosed 38 F t(8;21) RUNX1-RUX1T1 Mutations noted in KRAS, NF1, and TP53; 

Negative for IDH 1, IDH2 and FLT3, RUNX1 

9 AML Diagnosed 30 M Normal Intermediate Risk (Wild type NPM1 without 

FLT3-ITD without adverse risk genetic lesions) 

10 AML Newly Diagnosed 33 F Normal DNMT3A, NRAS, NPM1 

11 AML Newly Diagnosed 78 M Normal TP53,U2AF1,ASXL1,RUNX1, FLT3-ITD 

12 AML Newly Diagnosed 53 M 46,XY,r(3)(p26q29),del(5)(q22q35), 

der(7)t(7;?;3)(q22;?;p11)[17] 

TP53 

13 AML Newly Diagnosed 37 F Normal WT1, FLT3-ITD 

14 AML Newly Diagnosed 40 M Normal DNMT3A, IDH2, KRAs, NRAS,NPM1 

15 AML Newly Diagnosed 72 F Normal DNMT3A, TET2 

16 AML Newly Diagnosed 67 M Normal IDH2, NPM1 

17 AML Newly Diagnosed 20 M 46,XY,inv(16)(p13.1q22.1)[23] KIT 

18 AML Newly Diagnosed 63 M 46,XY,i(21)(q10)[20] RUNX1, WT1 

19 AML Newly Diagnosed 63 F Normal NPM1, SF3B1 

20 AML Newly Diagnosed 38 F Normal FLT3, WT1,NPM1, 
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separated using APC anti-human CD33 antibody (Biolegend), anti-APC
microbeads (Miltenyi Biotech, Germany), and a MiniMACS TM Separator
with an MS Column. The ratio of autologous TILs to AML blasts were in
the range of 5:1–10:1 according to a previous report [20] . After overnight
incubation, cells were collected, stained, and processed for FACS assay of
biomarkers including viability dyes (Invitrogen TM ) and CD33 according to
manufacturers’ protocols. Analyses and graphs will be generated using the
GraphPad Prism software to evaluate significance. 

Adoptive cell transplantation of engineered human AML cells and TILs 
in immune-deficient NRG mice 

Ex vivo expanded TILs (2 × 10 6 cells/mouse) were pre-labeled to be red
fluorescent with Qtracker TM 655 (Molecular Probes) and intravenously (IV)
injected into NRG mice through the tail vein. To help the engraftment,
10 mg/kg of Azacitidine was intraperitoneally injected one day before the
injection. TILs-engrafted mice were sacrificed at different time points. In
another experiment, AML cells (non-CD3 + cells from BMMNC) were
transduced with GFP lentivirus to generate GFP + AML cells. Fourteen days
after transplantation of GFP + AML cells (1 × 10 6 cells/mouse), Qtracker TM 

655 labeled TILs were IV injected into these AML NRG mice. The detailed
protocol and plasmids for generating lentivirus and generating GFP + AML
cells can be found in our previous report [21] . On day 10 after TILs’
engraftment, mice were sacrificed for FACS analyses. Immunofluorescent
histology was performed to visualize TILs and GFP + AML cells inside of
the bone marrow. 
istology 

Preparation of undecalcified frozen sections from bone tissues was 
erformed according to our previous report [21] . Briefly, specimens were 
xed in 4% paraformaldehyde, freeze-embedded with an embedding medium 

SCEM), and frozen in pentane cooled with liquid nitrogen. The frozen 
pecimen block was fixed to the cryostat and trimmed with a disposable 
lade. The block’s surface was then covered with a pressure sensitive adhesive 
lm (Cryofilm) and cut into 10 μm-thick frozen sections which were stored 
t -20 °C. The frozen sections were immunohistochemically stained and 
hotographed for further analyses. 

esults 

onfirmation of the presence of TILs in bone marrows of AML patients 

Autologous TILs based therapies could be a novel therapeutic strategy 
or AML if we can (1) phenotypically identify TILs, (2) expand TILs ex
ivo to sufficient numbers for clinical use, (3) demonstrate cytotoxic effect to 
utologous AML blasts and (4) bioengineer TILs to restore their Ag-specific 
ytotoxic functions. To this end, we firstly screened AML patient BMMNC 

 Patients #1–10, Table 1 ). A different degree of CD3 + T cells infiltration
ould be detected in all the tested samples. Overall, we observed two groups
f patients with low (“Low”: upper FACS plots, Fig. 1 A; Patient #1–3, 7,
able 1 ) and high (”High”: lower FACS plots, Fig. 1 A; Patient #4–6, 8–10,
able 1 ) numbers of CD3 + TILs (2.3% vs 32.6%, respectively, P < 0.05)
 Fig. 1 B ). This finding is interesting in that certain AML blast environment
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Fig. 1. Immunophenotyping of TILs from AML patient BM samples (A) Representative FACS plots screening 6 AML patient BM samples; (B) Aggregate 
FACS data showing the percentage of CD3 + cells; (C) Aggregate FACS data showing the percentage of PD1 + CD3 + cells. ∗ P < 0.05. 
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illicit a suppressed T cell response. Our screening data are consistent with a
recent report that the CD3 TILs population are preserved in certain AML BM
samples compared to health controls but about 50% of AML patients have
a low T cell count in their BM. T cell-mediated cellular immunity is highly
regulated by a system of checks and balances through a group of stimulatory
and inhibitory proteins, including programmed death receptor 1 (PD-1) [22] .
Further analyses revealed that 13% of CD3 + T cells were PD-1 + (arrows,
Fig. 1 A, C ). These PD-1 + TILs are likely to have lost anti-leukemic activity
against AML blasts [23] , which could be restored functionally by using PD-1
inhibitors [24] . 

Ex vivo expansion of TILs from AML BMs using a modified protocol 

Next, we examined the ex vivo expandability of AML TILs using our T
cell culture system ( Supple. Fig. 1 A ). From the “High” group, we were able
to obtain 0.5 to 2 × 10 6 CD3 + T cells/ml using CD3 microbeads. After
magnetic separation, these cells ( Patient #10, Table 1 ) were cultured with
supporting feeder cells in RPMI-1640 supplemented with IL-2. A 4-fold
increase of the CD8 + CD3 + T cell population (red arrow) was obtained after
the 5-day culture (30.4% on Day 5 vs 7.6% on Day 0, P < 0.01, Supple.
Fig. 1 B–D ). In contrast, from the “Low” we found challenging to obtain a
sufficient number of TILs. Thus, to expand these cells we utilized a modified
ex vivo culture protocol ( Fig. 2 A ). Ten vials of AML BMMNC with low T
cell numbers were used in this experiment ( Patients #11–20, Table 1 ). CD3
microbeads were applied to pull down the TILs from 1 ml of each BMMNC
sample; 2 to 5 × 10 4 /ml CD3 + T cells were obtained and cultured with
CD3/CD28 microbeads without feeder cells in RPMI-1640 supplementing
them sequentially with IL-2, IL-7, and IL-15 (see experimental methods for
details). At different time points, we collected cells and stained them for
FACS analyses to determine their immunophenotypes. At the early stage
(day 7), most CD3 + TILs were found to be CD4 + (87%, Fig. 2 B ), while
also expressing PD-1 + (97.9%). At day 21, we found a three-log increase of
CD3 + TIL populations (26795470 on day 21 vs 25600 on day 0, P < 0.01,
Fig. 2 C ). Also at day 21, the percentage of CD4 + reduced to 33.2%,
while CD8 + TILs increased to 55% with low expression of PD-1 (7.63%,
Fig. 2 D ). 

Bioengineering expanded TILs pharmaceutically and genetically ex vivo 

We next investigated the possibility of pharmaceutically and genetically
bioengineering expanded TILs ex vivo ( Supple. Fig. 2). The PD-1 pathway
has received considerable attention because of its negative role during acute
 cell activation and being a marker for T cell exhaustion [25] . We
sed nivolumab, an FDA-approved monoclonal antibody PD-1 inhibitor, 
o suppress PD-1 expression on TILs, as evidenced by FACS analyses
significantly reduced from 62.8% to 1.8%, Supple. Fig. 2 A–C ). Previously,
e reported a new Vitamin D gene therapy to treat AML mice by
verexpressing the CYP27B1 ectopic gene, which encodes the 1-alpha- 
ydroxylase to generate active Vitamin D in situ [21] . In this study, using a

entivirus system we also genetically engineered ex vivo expanded TILs, which
ere demonstrated to overexpress the CYP27B1 ectopic gene (arrow, Supple.
ig. 2 E ). In future studies, we will examine the anti-leukemia function of
YP27B1 + TILs and also explore whether TILs will be a potential cell vehicle

andidate for gene therapies. 

nvestigate possible explanations for difficulties with expansion of 
D3 + TILs in some AML patients 

During the culture of TILs from 10 AML patient samples, one consistent
spect for TIL cultures ( n = 10) was that the proliferation status of TILs
uring the early stages (days 3–5) was a good predictor for whether TILs
representative images of early TIL clusters, Fig. 3 C ) could be expanded to
linical scale in later stages. We found that not every sample could generate
ILs ex vivo ( Fig. 3 ). After CD3 microbead pull-down, CD3 + T cells
ere present in these BMMNC samples (patients #11, 12, 19), but they

ailed to expand ( Fig. 3 A ) and generate TIL clusters ( Fig. 3 C ). There was
nother sample (patient #13) which could generate small clusters ( Fig. 3 B ),
ut it grew relatively slow compared to those quickly expanding TILs
patients #14–18, 20, Fig. 3 C ). To investigate the mechanism underlying
ifferential growth capabilities of TILs, we performed an immunophenotypic 
omparison of these AML BMMNC by using biomarkers for naïve T
ells, including CD62L, CD45RA, CCR7, CD95 [26] . No significant
ifference of CD62L + CD45RA + naïve TILs was found between the
o/slow growth BMMNC and the quick growth BMMNC(P = 0.38, Supple.
ig. 3). However, we found that there was a significant loss of CCR7 + CD95-
aïve T cell population (red arrow, Fig. 3 E, F ) in patients #11 and #12 (9.6-
old decrease, 0.45% of no growth vs 4.31% of quick growth, P < 0.05,
ig. 3 D ). There were clear CCR7 + CD95- naïve T cell populations in
atients #14, #15, and #16 (green arrow, Fig. 3 G, H, J ), part of which
lso expressed CD62L + CD45RA + naïve biomarkers. When comparing
he detailed immunophenotypic pattern of patient #13 (slow growth) with
atient # 16 (quick growth), we found that there was a 3-fold increase
f CD62L + CD45RA + cells in patient #16 BMMNC versus patient #13
MMNC in each compartment of CCR7 + or CD95 + subpopulations
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Fig. 2. Expansion of low number CD3 + TILs ex vivo . (A) Experimental procedures of ex vivo culture of isolated CD3 + TILs; (B) Representative FACS plots 
showing the CD4 + CD3 + or CD8 + CD3 + T cell subsets and their PD-1 expression on day 7; (C) Cumulative FACS percentage data of CD3 + T cells on 
day 21; (D) Representative FACS plots showing the CD4 + CD3 + or CD8 + CD3 + T cell subsets and their PD-1 expression on day 21; Where applicable, 
data are means ± SEM and were analyzed by Student t -test. ∗∗ P < 0.01. 
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( Fig. 3 I, J ). Our data suggest that to effectively expand TILs to a sufficient
amount, the CCR7 + CD95- naïve T cell population in AML patient BM
are needed to support the quick expansion ex vivo . To explore alternative
sources of T cells for TILs therapy in patients with low BM TILs, we
investigate whether their peripherally isolated T cells can be expanded by
our novel culture system. We first found similar patterns of naïve T cells and
differentiated T cells in the peripheral blood (PB) and BM samples of same
patients ( Fig. 4 A, B ). Next, expansion culture experiments revealed similar
growth patterns between PB and BM samples including no expansion of #11
and #12 PB samples ex vivo (data not shown). 

In all, the presence of naïve T cells in the marrow of a subgroup of AML
patients was found to be critical for sufficient expansion of TILs and further
treatment development. 

Functional characterization of ex vivo expanded TILs from AML 

patients using ex vivo cytotoxic assays and in vivo homing assays 

To examine the function of ex vivo expanded TILs, we performed
cytotoxic tests. CD33, a surface biomarker, is expressed on leukemia blasts
from the majority of AML patients [27] . 0 4 -10 5 autologous CD33 + blasts
with 2 × 10 5 -10 6 isolated and ex vivo expanded TILs (E: T ratio 10:1).
After 18 h, cells were collected and stained for FACS analysis. We observed
a significant decrease of viable CD33 + blast population in TIL treatment
versus the control of no treatment group (90.6% vs. 1.89%; p < 0.01)
( Fig. 5 A, B ). TILs expanded from either PB or BM from the same patients
were similarly effective against autologous blasts. 

To investigate whether ex vivo expanded TILs will home to the BM and
maintain their proliferation and functional capabilities in vivo , we performed
a set of preliminary transplantation experiments. TILs were pre-labeled with
Qtracker 655 and then intravenously injected to naïve immune-deficient
mice (NRG) ( n = 5). On day 14, mice were sacrificed and examined for the
location of transplanted TILs. Transplanted TILs were found in the BMs of
NRG mice, and continued to express CD3 + ( Supple. Fig. 4 B ). We then
engrafted AML blasts (GFP-labeled) in NRG ( n = 5) mice followed by
infusion of TILs (Qtracker 655 labeled) (see experimental procedures, Suppl.
Fig. 4 A ). On day 24, mice were sacrificed for histology. TILs were found in
BMs next to with GFP-labeled AML blasts ( Supple. Fig. 4 C ). 
iscussion 

In this study, we demonstrated the presence of TILs in AML patients’ 
one marrow samples. We were able to characterize their phenotypic 
nd functional features using immunophenotying and cytotoxic assay. To 
xamine the ex vivo expandability of TILs for the possibility of autologous 
ransplantation, we developed a novel ex vivo culture system to expand TILs 
rom AML patient BM samples with low numbers of CD3 + T cells to clinical
cales. Furthermore, we immunophenotypically determined that these TILs 
xpressed either CCR7 + CD95-/or CD62L + CD45RA + , which are makers
or naive T cells [28] . We have observed that some patients have high numbers
f CD3 + TILs while others have low numbers of CD3 + TILs in their BM.
he presence of naïve T cells is the hallmark of expandability of T cells,

ven in patients with low initial CD3 + TILs. Finally, we demonstrated that
ILs can cause cytotoxicity to autologous blasts ex vivo , can be engineered to

xpress desirable genes, and are able to migrate to BM after being transplanted
nto immunodeficiency mice in vivo . As a preliminary in vivo experiment, our
esults provided evidence that transplantation of expanded TILs is feasible 
nd that we could track IV injected cells to the bone marrow. These ex
ivo expanded TILs are likely to maintain their BM homing capability, 
roliferation and therapeutic capabilities in vivo . Our current preliminary in 
ivo data also suggested that primary TILs could be engineered to overexpress 
 desirable gene for therapeutic purpose as we previously showed ( Supple. 
ig. 2 E ). Thus, TILs could be used a vehicle for gene therapy for autologous
ransplantation to treat AML. In future experiments, it would be important 
o compare homing, proliferating, cytotoxic and therapeutic capabilities 
etween BM derived TILs with circulating TILs from peripheral blood (PB) 
x vivo and in vivo transplantation studies. Our results suggest that BM 

erived TILs based cell therapies is a promising, novel therapeutic strategy 
or AML patients and should be further explored. 

ignificance of our current study for basic research of TILs and clinical 
pplication 

The complexity of AML suggests that AML patients require personalized 
herapies to achieve long term remission [ 13 , 29 ]. Previous studies have
emonstrated that availability of CD3 + TILs and high percentages of CD8 +
ILs in situ were essential in preventing disease progression or relapse, and 
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Fig. 3. The existence of Naïve TILs in AML patient BM samples correlates to their proliferation capabilities ex vivo (A–C) Representative phase-bright images 
showing different growth of CD3 + TILs; Scale bar: 100 μm; (D) Cumulative FACS percentage data of CCR7 + CD95-TILs between No growth and Quick 
growth; (E) Representative FACS plots of TILs with no growth from Patient #12; Red arrow indicates CCR7 + CD95- cells; (F) Representative FACS plots of 
TILs with no growth from Patient #11; Red arrow indicates CCR7 + CD95- cells; Long red arrow indicates CCR7 + CD95- CD62L + CD45RA + cells; (G) 
Representative FACS plots of TILs with quick growth from Patient #14; Green arrow indicates CCR7 + CD95- cells; (H) Representative FACS plots of TILs 
with quick growth from Patient #15; Green arrow indicates CCR7 + CD95- cells; Long green arrow indicates CCR7 + CD95- CD62L + CD45RA + cells; (I) 
Representative FACS plot of TILs with slow growth from Patient #13; Brown arrow indicates CCR7 + CD95- cells; (J) Representative FACS plot of TILs 
with quick growth from Patient #16; Green arrow indicates CCR7 + CD95- cells; # indicates Patient No; Red X mark indicates no growth; Brown Star mark 
indicates slow growth; Green Star Mark indicates quick growth (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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prolonging the survival in cancer patients [ 30 , 31 ]. Very little is known of
whether TIL have a role in the evolution and treatment-response of AML
patients and whether TIL-based approach can be used to elicit a therapeutic
immune response. Thus, understanding how the immune system in AML
BM interacts with malignant cells and the tumor microenvironment is
ikely to be critical for the development of successful immunotherapeutic
trategies [32] . In this study, we showed that the presence of TILs in the
M from AML patients, albeit with a variable degree. Whether the level of
M TIL infiltration has any prognostic significance, however remains to be
etermined. 
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Fig. 4. Comparison of naive T cells and differentiated T cells in bone marrow and peripheral blood of same patients (A) Representative FACS plots of naïve 
T cells in both bone marrow and peripheral blood; (B) Representative FACS plots of differentiated T cells in both bone marrow and peripheral blood. 

Fig. 5. Cytotoxic Tests of #14 AML PB-T and BM-TILs ex vivo (A) 
Representative FACS plots showing the percentage of viable AML blasts in 
the cytotoxic test; The T cells versus blasts ratio equals 10:1. (B) Cumulative 
FACS percentage data of viable AML blasts; (C) Representative FACS plots 
showing the percentage of viable CD8 percentage; Where applicable, data are 
means ± SEM and were analyzed by Student t -test. ∗∗ P < 0.01, N = 3. 
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Naive T cells are immature cells, commonly characterized by the surface
expression of CD62L (L-selectin) and CCR7 (C-C Chemokine receptor type
7) [33] . In addition, serial adoptive transfers of a single CD62L 

+ memory
T cell, a subset of a naïve T cell, demonstrated its stemness including self-
renewal and multipotent capabilities in vivo [34] . Herein, we report that
CCR7 + CD95-/or CD62L + CD45RA + naïve T cells exist in some AML
Ms, which could be isolated and expanded by our modified ex vivo culture
ystem ( n = 7/10). By using our novel TIL culture method, we could ex vivo
xpand TILs over a three log-fold, which would be useful for studying subsets
f TILs and bioengineering them to fit potential clinical applications for 
ML ( Fig. 6 ). Our TIL protocol has incorporated co-stimulation from anti-
D3/CD28 microbeads supplemented with cytokines i.e., IL-7 and IL-15, 
hich have been shown to increase the viability and induce expansion naïve 
 cells for sustainable expansion [35] . Interestingly, no or small subfraction 
f CCR7 + CD95-/or CD62L + CD45RA + were found in TILs that failed
o expand ex vivo (Patients #11, 12, 19, Table 1 ). These results however
ill need to be confirmed in a larger cohort of AML patients and to genetic

bnormalities, which would reveal the underlining mechanisms. 

emaining questions and potential engineering tools to reverse and 
ejuvenate exhausted TILs for clinical applications 

We recognized that albeit provocative, our results raise additional 
uestions. For example, how long the transplanted TILs will survive in 
ML BM and will they expand in the BM? Their efficacy in vivo after

ransplantation is unknown, although our preliminary in vivo transplantation 
xperiments showed TILs homing to the BM and identifying AML cells 
ithin a short period of times. It needs also to be evaluated whether
ioengineered TILs will retain their Ag-specific functions. Recently, several 
ey transcriptional regulators (NR4A, TOX, etc.) have been discovered to 
nduce the anergy and exhaustion of T cells and to affect the therapeutic
fficacy of immunotherapies for solid tumors [36–41] . Another question is 
hether we could reverse the process of TIL exhaustion and enhance their 
roliferative and functional capabilities in vivo ( Fig. 6 ). In summary, our
reliminary data provided proof of principle evidence that reprogrammable 



Neoplasia Vol. 23, No. xxx 2021 Ex vivo isolation, expansion and bioengineering H. Cao et al. 1259 

Fig. 6. Summary Cartoon of TILs based immunotherapy for AML. 
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TIL based immunotherapy could potentially be a new personalized
immunotherapy for the treatment of AML and relapsed/refractory AML. 
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