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Strategies to boost anti-tumor immunity are urgently needed to treat therapy-resistant
late-stage cancers, including colorectal cancers (CRCs). Cytokine stimulation and genetic
modifications with chimeric antigen receptors (CAR) represent promising strategies to
more specifically redirect anti-tumor activities of effector cells like natural killer (NK) and T
cells. However, these approaches are critically dependent on tumor-specific antigens
while circumventing the suppressive power of the solid tumor microenvironment and
avoiding off-tumor toxicities. Previously, we have shown that the stress-inducible heat
shock protein 70 (Hsp70) is frequently and specifically expressed on the cell surface of
many different, highly aggressive tumors but not normal tissues. We could take advantage
of tumors expressing Hsp70 on their membrane (‘mHsp70’) to attract and engage NK
cells after in vitro stimulation with the 14-mer Hsp70 peptide TKDNNLLGRFELSG (TKD)
plus low dose interleukin (IL)-2. However, a potential limitation of activated primary NK
cells after adoptive transfer is their comparably short life span. T cells are typically long-
lived but do not recognize mHsp70 on tumor cells, even after stimulation with TKD/IL-2.
To combine the advantages of mHsp70-specificity with longevity, we constructed a CAR
having specificity for mHsp70 and retrovirally transduced it into primary T cells. Co-culture
of anti-Hsp70 CAR-transduced T cells with mHsp70-positive tumor cells stimulates their
functional responsiveness. Herein, we demonstrated that human CRCs with a high
mHsp70 expression similarly attract TKD/IL-2 stimulated NK cells and anti-Hsp70 CAR
T cells, triggering the release of their lytic effector protein granzyme B (GrB) and the pro-
inflammatory cytokine interferon (IFN)-g, after 4 and 24 hours, respectively. In sum,
stimulated NK cells and anti-Hsp70 CAR T cells demonstrated comparable anti-tumor
effects, albeit with somewhat differing kinetics. These findings, together with the fact that
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mHsp70 is expressed on a large variety of different cancer entities, highlight the potential
of TKD/IL-2 pre-stimulated NK, as well as anti-Hsp70 CAR T cells to provide a promising
direction in the field of targeted, cell-based immunotherapies which can address
significant unmet clinical needs in a wide range of cancer settings.
Keywords: adoptive Immunotherapy, Hsp70, IL-2, anti-Hsp70 CAR T cells, activated NK cells
1 INTRODUCTION

Overall, there is a significant unmet clinical need for safe and
more effective therapeutic strategies for patients with advanced
stage solid tumors. An upsurge in its global incidence has
resulted in colorectal cancer (CRC) becoming the third most
common malignancy with a substantial mortality risk (1).
Although autologous and allogeneic T and NK cell-based
immunotherapy approaches have recently gained considerable
interest for the treatment of hematological cancers (2–5),
immune escape of the tumor, the immunomodulatory effects
of the tumor microenvironment (TME) (6) and acquired therapy
resistance limit their broader clinical application in solid tumors
(7). Cytokine stimulation, together with genetic modifications of
T and NK cells with chimeric antigen receptors (CAR) and other
phenotypic and functional features provide promising strategies
to promote and more specifically redirect the anti-tumor
activities of immune effector cells (8–11). Since the lack of
tumor antigen specificity and a low antigen expression density
are major factors contributing to tumor immune escape, the
selection of an ideal tumor-specific target is deemed essential for
optimizing clinically-effective, protective and robust anti-tumor
immunity (12).

The strictly tumor-specific expression of the cell membrane-
bound form of the major stress-inducible 70kd heat shock
protein on a large proportion of liquid and solid tumors
qualifies membrane Hsp70 (‘mHsp70’) as an ideal tumor
biomarker on which to base the next generation of targeted
immunotherapeutic approaches (13). The mHsp70 localization
on the cell surface is enabled by sphingoglycolipids such as
globotriaosylceramide (Gb3) which are only present in the
plasma membranes of tumor but not normal cells (14).
Notably, tumor cells expressing Hsp70 on their plasma
membrane actively release Hsp70 in extracellular vesicles
termed exosomes (15), levels of which can be quantified in the
blood of tumor patients using the Hsp70 compELISA (16). The
levels of extracellular exosomal Hsp70 in the circulation of
patients with cancer reflect the mHsp70 expression by their
tumors and positively correlate with tumor mass, tumor grading,
metastasis and potentially therapy failure (17, 18). In line with
these findings, the percentage of mHsp70 expression by a
patient’s tumor, as detected by flow cytometry of viable cells
isolated from tumors, also is associated with advanced tumor
stages in a number of cancer settings (19), and its density is
higher on recurrent disease and metastases (19, 20), and after
therapeutic intervention (21) compared to therapy-naïve tumors.
Taken together, these unique features qualify mHsp70 as a
tumor-specific target for activated and ‘alarmed’ immune cells.
org 2
Natural killer (NK) cells play a pivotal role in the innate immune
response by rapidly recognizing and killing infected and
tumorigenic cells followed by the downstream triggering of long-
term adaptive immunity and immune memory (22). NK cells are
equipped with a wide array of germline-encoded surface receptors
which tune and direct their anti-tumor activity via a fine balance of
inhibitory and activating signals in response to tumor recognition
and receptor-ligand binding (23). Stress-induced signals on tumor
cells can trigger NK cell activity and cytotoxicity. However, in late
stage cancers, the capacity of NK cells to control tumor growth can
be impaired either by antigen loss or a down regulated expression of
activatory receptors induced by an immunosuppressive TME
(24, 25). An ex vivo stimulation of NK cells under optimal culture
conditions up-regulates the expression of activating receptors (e.g.,
C-type lectin receptors, natural cytotoxicity receptors, NCRs) and
thereby promotes anti-tumor immunity (26, 27). However,
although pro-inflammatory cytokines such as interleukin (IL)-2
commonly shape NK cell behavior during pathogenesis (8),
high-dose IL-2 that have been administered to patients induces a
broad range of clinical toxicities (28) and stimulates the
immunosuppressive activity of regulatory T (Treg) cells, limiting
clinical utility.

In an effort to overcome this barrier, an alternative approach
is to amplify the immune activity of NK cells by incubating them
with cytokine(s) alone or in combination with other stimuli
ex vivo (29). A key prerequisite to benefit from these stimulatory
signals is attributed to the pre-existing potential of NK cells to
recognize tumor-specific antigens such as Hsp70 presented on
the surface of tumor cells before and, even more pronounced,
after therapeutic intervention (30). We have previously shown
that tumor cells expressing mHsp70 can be recognized and killed
using NK cells that have been activated by ex vivo incubation
with a 14-mer Hsp70-derived peptide (TKDNNLLGRFELSG,
‘TKD’) and low-dose IL-2 (100 U/ml for 3-5 days) in a wide
range of different cancer settings (31). The safety and therapeutic
potential of this approach have been demonstrated in a phase I
clinical trial in patients with metastatic CRC and non-small cell
lung cancer (NSCLC) (32), and a phase II clinical trial in patients
with inoperable stage IIIb NSCLC after radiochemotherapy (3).
A potential caveat of NK cell application being their comparably
short life span and low ex vivo expansion rate after adoptive
transfer might shorten their putative activity window (33).

In contrast to NK cells, CD8+ cytotoxic T cells are unable to
recognize and kill tumor cells expressing Hsp70 on their plasma
membrane, even after stimulation with the TKD peptide and IL-
2 (31, 34), but come with a proven longevity after transfer into
patients for long term effects such as chronic lymphocytic
leukemia (CLL) (35). The genetic engineering of T cells to
June 2022 | Volume 13 | Article 883694
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express chimeric antigen receptors (CARs) targeting relevant
tumor-specific antigens has delivered innovative options for
novel cancer immunotherapies (36). A remarkable advantage
of CAR T cells is the antigen-specific triggering of T cell-
mediated cytolytic responses via the release of lytic proteins
such as granzyme B (GrB) (34) independent of the MHC-I
expression on the tumor (37), a relatively high ex vivo
expansion rate and the high transduction efficacy of T cells.
The development of CAR technology offers an opportunity to
equip T cells with the capacity to recognize previously
unrecognizable antigens, including mHsp70 and at the same
time harness long term activity of T cells against these antigens.

A CAR construct commonly consists of an extracellular
antibody-based binding domain (single-chain variable
fragment, scFv) linked by a hinge region (HR) to a
transmembrane domain (TMD), and or more cytoplasmic
signaling domain (38). Although several FDA-approved CAR
T cell products have been shown to induce a robust and durable
response in patients with hematological malignancies, similar
curative effects have not yet been reported for solid tumors (39).
However, the identification of suitable antigens that are
selectively expressed on the surface of tumors, and at an
appropriate intensity, will likely expand the application of CAR
T cell therapeutics in solid tumors (40). Managing on-target/off-
tumor toxicity of CAR T cells will be achieved by identifying a
favorable target that has no or at least limited expression on
normal tissue (41).

In the present study, we hypothesized that endowing T cells
with the capacity to sense and lyse mHsp70-positive tumor cells
would enable persistent targeting of a broad range of advanced
cancer types. We thus compared two strategies for targeting
human colorectal adenocarcinoma LS174T and LoVo cell lines
that differ in their mHsp70 expression pattern providing isogenic
sublines as ‘high’ and ‘low’ mHsp70 expressors: ex vivo
stimulation of human NK cells from healthy donors with the
14-mer Hsp70 peptide TKD and low-dose IL-2 and genetic
engineering of T cells of the same donors with a CAR targeting
mHsp70. Therefore, human peripheral blood mononuclear cells
(PBMCs) isolated from the peripheral blood of healthy donors
were incubated with TKD/IL-2 to stimulate NK cell reactivity
against tumor cells expressing high amounts of mHsp70. In
parallel, T cells from the same donors were retrovirally
transduced with the anti-mHsp70-targeting CAR. We then
evaluated the performance of mHsp70-targeting TKD/IL-2
stimulated NK cells and CAR T cells from the same donors
against the human colorectal adenocarcinoma LS174T and LoVo
cell lines with a high and low mHsp70 expression. Specificity of
anti-mHsp70 CAR T cells was demonstrated by using Hsp70
knock-down cells as targets in cytotoxicity assays.
2 MATERIALS AND METHODS

2.1 Cells and Cell Culture
The wild type (wt) LS174T human colorectal adenocarcinoma
cell line (originally isolated from a patient with Dukes’ type B
CRC) which expresses high levels of mHsp70 (Hsp70high)
Frontiers in Immunology | www.frontiersin.org 3
(ATCC® CL-188™; ATCC, Manassas, VA, USA) and the
LDHA/B lactate dehydrogenase (LDH) double knock-out
(LDH-/-) Hsp70low LS174T cell line (42, 43) were cultured in
high glucose (4 g/L glucose, Sigma-Aldrich) Dulbecco’s Eagle’s
Minimum Essential Medium (DMEM) containing 10% v/v heat-
inactivated fetal bovine serum (FBS; Sigma-Aldrich). The wt
LoVo human colorectal carcinoma cell line (originally isolated
from a patient with Stage IV Dukes’ type C CRC) (Hsp70high)
(ATCC® CCL-229™; ATCC, Manassas, VA, USA) and a
transient Hsp70 knock-down cell line (Hsp70low) (kindly
provided by Glycostem Therapeutics BV, Oss, The
Netherlands), was maintained in Roswell Park Memorial
Institute (RPMI)-1640 (Sigma-Aldrich) containing 10% v/v
FBS and puromycin (4 µg/mL, Sigma-Aldrich).

Human PBMCs isolated from the blood of different healthy
donors were primarily grown in RPMI-1640 with 10% v/v FBS.
The genetically engineered anti-Hsp70 CAR T cells were grown
in RPMI-1640 including 2.5% v/v human serum (Sigma-
Aldrich), 1% v/v non-essential amino acids (Sigma-Aldrich),
50 µM b-mercaptoethanol (Gibco), 100 IU/mL IL-2 (Chiron),
and 5 ng/mL IL-15 (PeproTech). Anonymous collection and use
of PBMCs from healthy donors was approved by the institutional
ethical review board (44, 45).

All cell culture media were supplemented with 1% v/v
antibiotics (100 IU/mL penicillin and 100 µg/mL streptomycin,
Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), and 1 mM
sodium pyruvate (Sigma-Aldrich). The cell culture was carried
out under controlled conditions at 37˚C with 95% v/v relative
humidity and 5% v/v CO2. Cells underwent routine control for
mycoplasma contamination, and their viability was tested before
each experiment by trypan blue exclusion (>90%).

2.2 Fluorescent Protein Labelling
Labelling of recombinant Hsp70 protein, bovine serum albumin
(BSA), and the cmHsp70.1 mAb which recognizes mHsp70 (46)
was performed according to our standardized protocol. Briefly,
freshly prepared carbonate buffer (1 M) was added to the protein
solution (1 mg/mL of phosphate-buffered saline (PBS)) at a ratio
of 1:10 v/v followed by 50 mL of FITC (10 mg/mL in 0.1 M
carbonate buffer, Sigma). The solution was incubated in the dark
with gentle overnight shaking at 4°C. After dialysis using Slide-
A-Lyzer™ Dialysis Cassettes (ThermoFisher Scientific), the
protein concentration and dye/protein ratio were calculated
using a microplate spectrophotometer (PerkinElmer). To avoid
bacterial contamination, 0.02% w/v sodium azide was included
in the solution, and the final stock was stored at 4°C, in the dark.
Labelling of proteins using the Alexa Fluor™ 555 Labelling and
Detection Kit (ThermoFisher Scientific) was conducted.

2.3 Quantification of mHsp70 Expression
The expression of mHsp70 was quantified by flow cytometry
using a BD FACSCalibur™ (BD Biosciences, Heidelberg,
Germany). Briefly, harvested and washed cells (2x105) were
incubated with FITC-cmHsp70.1 monoclonal antibody (mAb;
40 µg/mL, multimmune GmbH) in flow cytometry buffer (PBS
containing 10% v/v FBS) for 30 min on ice (in the dark), after
which the cell pellet was washed twice and re-suspended in flow
June 2022 | Volume 13 | Article 883694
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cytometry buffer containing propidium iodide viability stain (PI;
1 mg/mL, Sigma) prior to analysis. At least 2x104 viable cells were
acquired for each sample, from which the percentage of positive
cells was determined. An isotype-matched mAb (mouse IgG1
FITC; BD Biosciences) was used as the control to define the
mHsp70-positive region. The mean fluorescence intensity (MFI)
was reported by subtracting the MFI of an isotype-matched
control antibody from the MFI of cmHsp70.1 positively stained
cells. The Quantibrite™ PE Phycoerythrin Fluorescence beads
(BD, 340495) were used to quantify the number of Hsp70
molecules on the membrane per cell by setting a calibration
curve relating to the MFI values. Data were analyzed using
FlowJo™ software (version 10.1).

2.4 NK Cell Stimulation
The PBMCs were isolated from the peripheral blood of healthy
donors using density gradient centrifugation. For in vitro
activation, PBMCs (5x106 cells/mL) were incubated in cell
culture medium containing TKD peptide (2 µg/mL,
multimmune GmbH) and low dose IL-2 (100 IU/mL) for 4
days at 37˚C, as previously described (31). The composition of
unstimulated/stimulated PBMCs and the phenotype of NK cells
was confirmed by flow cytometry using the following mAbs:
FITC or APC-conjugated anti-CD3 (A07746; Beckman Coulter/
clone SK7; BD Biosciences), APC or PE-conjugated anti-CD56
(555518; BD Biosciences/A07788; Beckman Coulter), APC-
conjugated CD69 (clone L78; BD), APC or FITC-conjugated
anti-CD94 (B09980; Beckman Coulter, 555888; BD Biosciences),
FITC-conjugated anti-CD226 (MA5-28148; DNAM-1,
Invitrogen), PE-conjugated anti-NKG2D (CD314, FAB-139P;
R&D Systems), PE-conjugated anti-NKp30 (CD337, IM3709;
Beckman Coulter), PE-conjugated anti-NKp44 (CD336, IM3710;
Beckman Coulter), and PE-conjugated anti-NKp46 (CD335,
IM3711; Beckman Coulter) monoclonal antibodies (mAbs).
Samples were also stained with the relevant isotype-
matched controls.

2.5 Anti-Hsp70 CAR Design and Transduction
The human anti-Hsp70 CAR construct (Hsp70p-CD28-CD3z)
was based on an established CD28-CD3z construct using a scFv
against mHsp70 derived from the sequence of the cmHsp70.1
mAb. CD3+ T cells were isolated from the PBMCs of healthy
donors using immunomagnetic beads (CD3 MicroBeads human,
Miltenyi Biotec). Transduction and expansion of T cells were
performed as previously reported (47). The culture condition
was as described in section 2.1.

2.6 Analysis of Anti-Hsp70 CAR Expression
CAR expression on primary T cells was detected by flow
cytometry with a FITC-conjugated cMyc mAb (clone SH1-
26E7.1.3, Miltenyi Biotec), as previously described (48).
Untransduced T cells served as controls. The binding
specificity of the anti-Hsp70 CAR T cells was determined by
incubating the T cells with FITC-conjugated Hsp70 protein at
concentrations of 1000, 500, 100, 50, 20, 10 and 2 µg/mL. FITC-
conjugated BSA at the same concentrations served as a
negative control.
Frontiers in Immunology | www.frontiersin.org 4
2.7 Expansion and Viability of Anti-Hsp70
CAR T Cells and Stimulated NK Cells In Vitro
The expansion of untransduced and Hsp70 transduced CAR T
cells was assessed by removing immunomagnetic beads and
allowing cells to recover for 24 hours, after which 24-well
plates were seeded with T cells and anti-Hsp70 CAR T cells
(5x105 cells per well) and their expansion rate determined by
viable cell counting every three days over a period of 36 days. For
NK cells, the same amount of cells was seeded in 24-well plates
followed by a stimulation with either TKD/IL-2 (2 µg/mL/100
IU/mL) as used for all further phenotypical and functional
analysis or with TKD/IL-2/IL-15 (2µg/mL/100 IU/mL/5 ng/
mL) to mimic the culture conditions of CAR T cells. The
persistence of stimulated NK cells was compared with
unstimulated NK cells in a parallel culture over a period of
15 days.

2.8 Human Interferon (IFN)‐g/GrB Double-
Color FluoroSpot Assay
The reactivity of unstimulated and stimulated NK cells and anti-
Hsp70 CAR T cells towards target cells was determined based on
IFN‐g and GrB release, as measured using a double-color
FluoroSpot assay, according to the manufacturer’s instructions
(CTL Europe GmBH). In brief, pre-coated wells of an ELISpot
plate were washed 1x with PBS, to which was then added 100 µl
of a cell suspension containing effector and target cells at various
ratios (E:T 10:1, 5:1, 2.5:1, 1:1). After co-incubation for 4 and 24
hours, wells were washed twice with PBS and twice with 0.05% v/
v Tween-PBS (TPBS). Subsequently, spots were developed by
incubating plates with anti-human IFN‐g/GrB detection solution
(80 µl/well) for 2 hours at room temperature (RT). Finally, plates
were washed 3x with TPBS, re-incubated for a further 1 h with
100 µl/well of the diluted tertiary solution followed by final 3x
washing with deionized water. The plates were air-dried
overnight and spots quantified using an ImmunoSpot®

analyzer (CTL) equipped with ELISPOT Analysis Software.

2.9 Confocal Microscopy
The binding of fluorescence-labelled Hsp70 to anti-Hsp70 CAR
T cells was determined using confocal imaging. For this, effector
cells (3x105) were washed in PBS and then incubated with Alexa
Fluor™ 555-conjugated Hsp70 (50 µg/mL, multimmune GmbH)
and an FITC-conjugated cMyc mAb for 15 min on ice in PBS
containing 5% w/v BSA (as blocking solution), after which cells
were washed using ice-cold PBS. Before imaging, nuclei were
incubated with DRAQ5™ far-red DNA stain (5 µM,
ThermoFisher Scientific) for 5 min. Images were acquired
using a confocal laser-scanning microscope (CLSM; Leica TCS
SP8, Germany) equipped with Leica LAS X software.

To determine the expression of mHsp70 by LS174T cells, cells
(2x104 cells/well) were seeded overnight on m-slide 8-well
chamber slides (ibidi GmbH, Germany), after which the
medium was refreshed by complete medium containing FITC-
conjugated cmHsp70.1 mAb. Following a 20 min incubation
on ice, the cells were washed twice with cold PBS and then
fixed with ice-cold 4% w/v paraformaldehyde (PFA) in PBS for
15 min at RT. After an additional washing step, the filamentous
June 2022 | Volume 13 | Article 883694
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actin (F-actin) and nuclei of cells were stained with rhodamine-
phalloidin (1 mg/mL) and DAPI (2 mg/mL) respectively in light
protected condition for 1 hour at RT before imaging.

2.10 Live-Cell Imaging
To track cell behavior by live-cell imaging, effector cell/target cell
membranes were firstly labelled using PKH fluorescent cell linker
kits according to the manufacturer’s recommendations (Sigma-
Aldrich). For this, 1 mL of green (PKH67) or red (PKH26) dye
solutions (5x10-7 M in diluent c) were rapidly added to 2x106

target or effector cells suspended in 1 mL diluent c in polystyrene
tubes, respectively. The reaction was stopped after 4 min by
adding 2 mL FBS. PKH67-labelled target cells were obtained by
centrifugation (400 g, 10 min), and re-suspended in complete
medium before being transferred into a sterile tube for washing
(twice) and subsequent seeding in ibidi m-plates (24-wells) at the
desired concentration per well. After 24 hours, PKH26-labelled
effector cells were added to the corresponding wells (E:T 2.5:1).
Cell migration and interactions were monitored over 36 hours
using an EVOS™ M7000 Imaging System with 20x objective
(ThermoFisher Scientific) under standard culture condition
(37˚C with 100% v/v relative humidity, and 5% CO2). The
fluorescence intensity of the target cells (green) at indicated
time points was quantified by ImageJ. The corrected total cell
fluorescence (CTCF) was calculated using the following formula:
CTCF = integrated density - (area of selected cell x mean
fluorescence of background), and normalized to the time point
one hour.

2.11 Cell Death Analysis
Cell death was assessed by flow cytometry using Annexin V-FITC/
PI apoptosis kit according to the manufacturer’s instruction
(ab14085). Briefly, the target cells (2x105 cells/well) were co-
cultured with effector cells (E:T 1:1) for 4 hours. The cells were
collected and resuspended in a binding buffer containing Annexin
V-FITC and PI, followed by a 5-min incubation at RT. For flow
cytometry analysis, the effector T and PBMCs cell populations were
excluded by APC-conjugated anti-CD3 and APC-conjugated anti-
CD45 (MHCD4505; Life technologies/clone HI30), respectively.

2.12 Statistical Analysis
Differences between two independent groups were evaluated by
unpaired two-tailed Student’s t-tests, while difference across
multiple groups by one-way ANOVA. p values were
considered statistically significant as follows: ns: not significant,
*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
3 RESULTS

3.1 Human Colorectal Adenocarcinoma
Sublines With Differential Expression
of mHsp70
The outcome of a targeted immunotherapy is critically
dependent on the expression profile of the tumor antigen
(12, 49). As targets for our immunotherapeutic approach, we
Frontiers in Immunology | www.frontiersin.org 5
used human colorectal adenocarcinoma sublines that differ in
their expression of mHsp70. As shown previously, a stable
LDHA/B double knock-out of lactate dehydrogenase (LDH-/-)
in LS174T wild type (wt) cells causes a down-regulation of the
heat shock response (42). As a result, the expression of mHsp70
was stably reduced on LDH-/- cells compared to LS174T wt cells,
as demonstrated by flow cytometric analysis of viable tumor cells
(Figures 1A, B) and by confocal fluorescence imaging of the
isogenic tumor cell lines (Figure 1C). Although the LS174T cell
positivity for mHsp70 was highly significant between the wt and
LDH-/- sublines (p ≤ 0.001), there was no remarkable difference
in their MFI referring to the mHsp70 density per cell
(Figure 1B). Hence, the mean number of mHsp70 per cell was
determined using calibration beads and reported as 19648 ± 4651
for wt and 18883 ± 2475 for LDH-/- cells. The co-localization of
rhodamine-phalloidin (red)-labelled F-actin and mHsp70
(green) in the merged photomicrograph (yellow) demonstrates
the localization of Hsp70 on the cell surface and confirms the
higher expression density of Hsp70 on the membrane of LS174T
wt cells compared to LDH-/- tumor sublines. A transient knock-
down of Hsp70 in LoVo cells generated two tumor sublines
(Hsp70high, Hsp70low) that differ in their mHsp70 expression
pattern (Figure S1). Despite a divergent expression of mHsp70,
the HLA expression in both sublines was almost identical (data
not shown). Both isogenic tumor cell systems were used as
targets to demonstrate the mHsp70 specificity of TKD/IL-2
activated NK cells and anti-Hsp70 CAR T cells.

3.2 Phenotypic Characterization of PBMCs
After Stimulation With TKD Hsp70 Peptide
and Low Dose IL-2
The immunophenotype of unstimulated PBMCs isolated from the
peripheral blood of healthy volunteers (n=6) compare to PBMCs
incubated with TKD peptide (2 mg/mL) and low dose IL-2 (100
IU/mL) for 4 days at 37°C was analyzed by flow cytometry - the
results are expressed as mean percentages (± SD) and MFI of
major lymphocyte subpopulations such as T cells, NKT cells and
NK cells (Table 1). Compared to unstimulated control cells, the
relative frequencies of T cells (CD3+/CD56-) and NKT cells
(CD3+/CD56+) remained unchanged after stimulation with
TKD/IL-2. However, a TKD/IL-2 stimulation induced a drastic
up-regulation in the percentage and MFI of a large variety of
activatory receptors on the CD3- NK cell population, whereas
none of these receptors were found to be up-regulated in the CD3+

T cell and NKT cell populations (data not shown). These findings
are in line with previous studies showing that TKD/IL-2
stimulation selectively activates CD3-/CD56+ NK cells, but not
T or NKT cell subpopulations (50). The gating strategy of the
relevant unstimulated and stimulated NK cell subpopulations in
PBMC preparations is illustrated in Figures 2A, B. The capacity of
NK cells to be activated by TKD/IL-2 was found to be associated
with a significant increase in the expression and density of CD69
(p ≤ 0.0001; 2.1-fold), the heterodimeric C-type lectin receptor
CD94 (p ≤ 0.0001; 1.3-fold) which is involved in the binding of
Hsp70 (50), CD226 (DNAM1) (p ≤ 0.01; 1.2-fold), NKG2D (p ≤
0.001; 1.1-fold), and the NCRs (NKp30, NKp44, and NKp46; p ≤
June 2022 | Volume 13 | Article 883694
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0.001, 1.5-fold; p ≤ 0.05, 2.2-fold; p ≤ 0.05, 1.4-fold, respectively.
Moreover, the expansion capacity and persistence of NK cells
isolated from PBMCs were determined in vitro by cell viability
measurement every three days up to day 15, when cell viability of
NK cells started to decline (Figure 2C). The results implied that
Frontiers in Immunology | www.frontiersin.org 6
unstimulated and stimulated NK cells followed an almost similar
persistence profile between day 1 and day 15. However, a slight
increase in NK cell numbers was observed after stimulation with
IL-2 and IL-15 until day six, albeit afterward a downward trend
occurred in all evaluated groups.
TABLE 1 | Frequency of T cells, NKT cells and NK cell subsets in peripheral blood mononuclear cells (PBMCs) isolated from healthy human donors and the expression
of common NK cell activating receptors on unstimulated and TKD/IL-2 stimulated NK cells.

Lymphocyte Subsets Surface Markers Percentage (%) MFI Fold Change

Un PBMCs S PBMCs p Value Un PBMCs S PBMCs

T cells CD3+CD56- 75.1± 6.9 74.1 ± 6.3 ns – –

NKT cells CD3+CD56+ 1.8 ± 0.84 2.1 ± 0.7 ns – –

NK cells CD3-CD56+ 11.8 ± 5.2 13 ± 3.9 ns – –

CD69 13.2 ± 4.6 83.9 ± 13.3 **** 356 ± 125.2 730.9 ± 192.1 2.1
CD94 55.2 ± 6.9 82.2 ± 7.4 **** 509.2 ± 114.4 652.8 ± 75.4 1.3
CD226 80.3 ± 5.4 90.1 ± 3.9 ** 55.7 ± 11 67.4 ± 19.3 1.2
NKG2D 33.1 ± 2.03 59.1 ± 3.5 *** 72.2 ± 10 77.3 ± 15.5 1.1
NKp30 19.2 ± 5 45.1 ± 6.1 *** 50.6 ± 5.7 74.5 ± 13.4 1.5
NKp44 16.3 ± 3.1 50.3 ± 16.1 * 66.2 ± 6 144 ± 20.2 2.2
NKp46 67.7 ± 4.9 79.1 ± 8 * 312.6 ± 67 424.4 ± 76.1 1.4
June 2022 | Volume 13 |
Table shows the percentage of T, NKT, and NK cells in the total PBMC population and the percentage and mean fluorescence intensity (MFI) of activating receptors (CD69, CD94, CD226,
NKG2D, NKp30, NKp44, and NKp46) on Un/S NK cells ns, not significant; (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001; mean ± SD, n≥6 independent donors).
Freshly isolated PBMCs were left unstimulated (Un) or stimulated (S) with TKD (2 µg/mL) and IL-2 (100 IU/mL) for 4 days prior to the analysis of T cells (CD3+CD56-), NKT cells
(CD3+CD56+) and NK cell subsets (CD3-CD56+) by flow cytometry. NK cells were further analyzed for their expression of selected surface activating receptors.
A B

C

FIGURE 1 | Membrane Hsp70 (mHsp70) expression on isogenic lines of LS174T cells expressing high and low densities of mHsp70 (Hsp70high, Hsp70low).
(A) Representative flow cytometric histogram of mHsp70 expression using FITC-cmHsp70.1 monoclonal antibody (mAb). Dark (wild type, wt) and light (Lactate
dehydrogenase A/B knock-out, LDH-/-) gray histograms. Isotype-matched (Mouse FITC-IgG1) mAb was used as negative control (white histograms). (B) Percentage
of viable Hsp70high and Hsp70low LS174T wt and LDH-/- cells expressing mHsp70 and MFI (mean ± SD, n≥3 independent experiments; ns, not significant; ***p ≤

0.001). (C) Representative confocal microscopy images of Hsp70high and Hsp70low LS174T cells using FITC-cmHsp70.1 mAb (green). Nuclei were stained with DAPI
(blue) and actin skeleton with rhodamine-phalloidin (red). The scale bar is 50 µm.
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In summary, we could show that incubation of PBMCs of
different donors with TKD/IL-2 significantly increased the
percentage of NK cells expressing relevant activating receptors
at a high density. In line with our previous findings (51), a
prominent rise in the MFI of NK cells expressing CD69, CD94,
NKG2D, NKG2C, NKp30, NKp44, and NKp44 was found after
incubation with TKD/IL-2 but not significantly after incubation
with TKD peptide alone.
Frontiers in Immunology | www.frontiersin.org 7
3.3 Transduction of a Novel Anti-Hsp70
CAR Construct Into Primary T Cells
To investigate whether T cells can be redirected against mHsp70-
positive tumor cells to utilize their demonstrated long term
persistence and activity, we designed a CAR targeting mHsp70
by fusing an Hsp70-binding scFv domain derived from the
cmHsp70.1 mAb (46) linked to CD28 TMD by a CD8a HR
and an intracellular domain containing CD28 co-stimulatory
A

B

C

FIGURE 2 | Representative gating strategy for identifying Un/S CD3-CD56+ NK cells and their expression of CD94 and CD69 as well as the persistence of NK cells.
(A) CD94 and (B) CD69 gating strategies involved the identification of lymphocytes based on FSC vs. SSC, followed by dead cell exclusion. Within the CD3-CD56+

NK cell populations, flow cytometry plots show receptor expression relative to their counterparts incubated with the respective isotype-matched control mAb.
(C) The persistence of unstimulated (Un) NK and stimulated (S) NK cells with either TKD/IL-2 or IL-2/IL-15 were compared in a parallel culture. After seeding (5x105

cells/well), cell proliferation was determined based on viable cell counts at three-day intervals up to 15 days. Day zero of the experiment was started on the first day
after removing the beads and adding to the well. Data are shown as the mean of n≥3 independent donors ± SD.
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and CD3z signaling moieties. The CAR was cloned into the
retroviral vector pMP71. A schematic representation of the CAR
cassette and retroviral transduction of T cells is illustrated
in Figure 3A.

The manufactured anti-Hsp70 CAR T cells were subjected to
various quality control assays. After transduction and removal of the
stimulatory magnetic beads, the anti-Hsp70 CAR expression on T
cells was evaluated by flow cytometry using a FITC-conjugated
Frontiers in Immunology | www.frontiersin.org 8
antibody directed against the c-Myc tag which is part of the
extracellular domain of the anti-Hsp70 CAR construct
(Figure 3B) or a FITC-conjugated Hsp70 protein which can be
bound by the Hsp70 scFv fragment used for the anti-Hsp70 CAR. A
significant proportion of the transduced (CAR) but not
untransduced (Unt) T cells express the transgenic CAR on their
cell surface, as detected using the FITC-conjugated anti-Myc
antibody. Compared to untransduced control T cells, the anti-
A B

D

E

C

FIGURE 3 | Anti-Hsp70 CAR design and engineering of primary T cells. (A) Schematic representation of anti-Hsp70 CAR construct and retroviral transduction into
T cells isolated from PBMCs. The construct comprises of an immunoglobulin heavy-chain signal peptide (SP), single-chain fragment variant (scFv) derived from
cmHsp70.1 mAb, a cMyc tag, a CD8a hinge region (HR), and a CD28 transmembrane domain (TMD) linked to an endodomain containing CD28 co-stimulatory
moiety (CM) and CD3z signaling moiety (SM). (B) Anti-Hsp70 CAR transduction efficiency in T cells was analyzed by flow cytometry based on the detection of the
cMyc tag by incubating untransduced (Unt) T and CAR T cells with FITC-cMyc mAb. An isotype-matched control mAb was used for setting gates. (C) The binding of
Hsp70 protein by CAR T cells was evaluated using flow cytometry by incubating cells with FITC-Hsp70 (1000, 100, and 2 µg/mL). The bar chart shows the
percentage of CAR-enriched T cells recognizing Hsp70 protein compared to Unt T cells. Histograms display the representative flow cytometry data. FITC-bovine
serum albumin (BSA) was used to set the gates. The complete kinetic analysis of CAR Hsp70 protein interactions is provided in Figure S3. (D) Anti-Hsp70 CAR
expression on transduced T cells was detected by confocal microscopy using Alexa Fluor™ 555-Hsp70 protein (Red) compared to cells incubated with Alexa
Fluor™ 555-BSA (Red). Expression of the cMyc tag was detected using the FITC-conjugated mAb (Green). Nuclei were stained with DRAQ5™ (blue). The co-
localization of Hsp70 binding and cMyc expression in the merged images appears in yellow due to overlapping green and red signals. The scale bar is 3.7 µm.
(E) The expansion and viability of untransduced T and anti-Hsp70 CAR T cells were compared in a parallel culture. After seeding (5x105 cells/well), cell proliferation
was determined based on viable cell counts at three-day intervals up to 36 days. Day zero of the experiment was started on the first day after removing the beads
and adding to the well. Data are shown as the mean of n≥3 independent donors ± SD (*p ≤ 0.05, ****p ≤ 0.0001).
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Hsp70 CAR T cell transduction reached an efficiency of more than
70% (mean of minimum three individual experiments ±
SD) (Figure 3B).

We also determined the capacity of anti-Hsp70 CAR T cells to
bind FITC-labelled Hsp70 protein, as a surrogate of mHsp70
expression on tumor cells. Detailed kinetic and affinity
information was obtained by titrating different concentrations of
FITC-labelled Hsp70 protein (1000, 500, 100, 50, 20, 10, 2 µg/mL)
to anti-Hsp70 CAR T cells (Figure S2). Based on the flow
cytometry data, a saturation in the binding of Hsp70 protein to
anti-Hsp70 CAR T cells was reached at concentrations ranging
between 50 and 500 µg/mL (Figure S2). A comparison of anti-
Hsp70 CAR T cells and untransduced control cells revealed an
optimal binding of Hsp70 to anti-Hsp70 CAR T cells at a
concentration of 100 µg/mL; at a concentration of 1000 µg/mL
an oversaturation causes non-specific binding and a concentration
of 2 µg/mL an undersaturation which causes a decrease in Hsp70
binding (Figure 3C). Confocal microscopy was performed to
confirm anti-Hsp70 CAR expression in vitro (Figure 3D; S3).
The images clearly illustrate a co-localization of anti-cMyc (green)
and labelled Hsp70 protein (red) on the cell surface of anti-Hsp70
CAR engineered effector T cells. In contrast, no red signal was
detected in the control panel when anti-Hsp70 CAR T cells were
incubated with identically labelled BSA (Figure 3D; S3).
Furthermore, we compared the expansion rates of anti-Hsp70
CAR T cells and untransduced T cells in cell culture over a period
of 36 days. On day 3 after transduction, the experiment started
with 5x105 viable cells from each group followed by viability
measurements every three days. According to the cell expansion
curve (Figure 3E), anti-Hsp70 CAR T cells and untransduced T
cells displayed an almost identical expansion up to day 15. From
day 18 onwards, the number of anti-Hsp70 CAR T cells was
significantly higher than that of untransduced T cells, but the
number of cells subsequently declined until day 36. Based on these
findings, all further experiments were performed in the
exponential growth phase of the effector cells up to day 21.

Taken together, these findings provide evidence that the anti-
Hsp70 CAR was successfully transduced into T cells with desirable
characteristics regarding structural and binding properties.

3.4 Anti-Hsp70 CAR T Cells Show Comparable
Cytolytic Activity to TKD/IL-2 Activated NK
Cells Against Colorectal Adenocarcinoma
Cells Expressing High Levels of mHsp70
Since the release of the apoptosis-inducing serine proteases and
the production of pro-inflammatory cytokines reflect the
cytolytic function of lymphocytes, we assessed the release of
GrB and IFN-g in response to CRC cells expressing high and low
levels of mHsp70 in a double-color FluoroSpot assay. Therefore,
effector cells (TKD/IL-2 stimulated NK cells and anti-Hsp70
CAR T cells) derived from the same donors were co-cultured
separately with Hsp70high and Hsp70low LS174T and LoVo
subline target cells at different ratios (E:T) ranging from 1:1 to
10:1 for 4 and 24 hours to assess the relationship between
mHsp70 density and immune target therapy. Unstimulated NK
cells and untransduced T cells were used as respective controls.
Frontiers in Immunology | www.frontiersin.org 9
As previously documented, TKD/IL-2 activated NK cells can
recognize and kill tumor cells expressing mHsp70 within 4 hours
of co-incubation (30). Since T cells, either unstimulated or
stimulated with TKD/IL-2, are unable to recognize mHsp70 on
tumor cells, an anti-Hsp70 CAR was transduced into primary T
cells. The pre-stimulation of NK cells with TKD/IL-2 resulted in
rapid and strong GrB release compared to the unstimulated
populations at 4 and 24 hours (Figures 4A, B). The susceptibility
of LS174T cells exhibiting a high density of mHsp70 expression
to immune attack by TKD/IL-2 activated NK cells was therefore
considerably greater than that of LDH-/- cells with a low mHsp70
expression (Figure 4B). The IFN-g FluoroSpot response was
detectable after a 4-hour co-incubation period of TKD/IL-2
activated NK cell effector cells with CRC target cells, with a
further increase after 24 hours of co-incubation in the
individual donor.

In untransduced or anti-Hsp70 CAR transduced T cells of the
same donors, no specific signs of activity-mediated secretion of
GrB or IFN-g were observed after a 4-hour co-incubation with
target cells (Figure 4C). Even after a co-incubation period of 24
hours, untransduced T cells showed no relevant GrB or IFN-g
release (Figure 4C). However, anti-Hsp70 CAR T cells showed a
significant ratio‐ and time‐dependent increase in GrB and IFN-g
release in response to the co-incubation with LS174T cells with a
high mHsp70 expression after a 24 hour co-incubation period
(Figure 4D). This effect was comparable to TKD/IL-2 activated
NK cells after 4 and 24 hours. This effect was dose-dependent,
with a higher E:T ratio causing a more pronounced release of
GrB and INF-g. ELISPOT analysis of the relative release GrB and
IFN-g supports the selective identification of Hsp70 by
engineered CAR T cells which is associated with the high
mHsp70 expression of LS174T wt cells. The fact that
untransduced T cells did not exhibit a detectable response
suggests that the anti-Hsp70 CAR T cells are ‘on-target’
(Figures 4C, D). Similarly, anti-Hsp70 CAR conferred an
ability to transduced T cells to recognize target cells expressing
mHsp70 and induce GrB release in LoVo cells (Figure S4).

Live imaging was performed to visualize the cytotoxic activity
of NK and anti-Hsp70 CAR T cells to tumor cells expressing high
levels of mHsp70 and their cellular fates over time. The
mHsp70high expressing LS174T cell line (green) was co-
cultured with TKD/IL-2 stimulated NK cells or anti-Hsp70
CAR T cells (both red) at an E:T ratio of 1:2.5, with
unstimulated NK cells and untransduced primary T cells
serving as controls. The effector activity against tumor target
cells was monitored every 15 min for a time interval of 36 hours.
Representative images of the effector-to-target cell interactions
are shown after a 1, 4, 12, 24, and 36 hour co-incubation time
(Figure 5). Additional images of all co-incubation sets after
shorter time intervals are provided in Figures S5-S8. A co-
incubation of unstimulated NK cells (Figure 5A) and
untransduced T cells (Figure 5C) did not result in any relevant
tumor cell killing over a period of 36 hours; the actual number of
tumor cells (green) increased over this time period (Figures 5A,
C). In contrast, a clear reduction in tumor cells was observed
after 4 to 12 hours when they were co-incubated with TKD/IL-2
June 2022 | Volume 13 | Article 883694
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activated NK cells (Figure 5B), after 24 hours when they were
co-incubated with anti-Hsp70 CAR T cells (Figure 5D), and
after 36 hours nearly no viable tumor cell was visible. The specific
anti-tumor activity of activated NK cells and anti-Hsp70 CAR
T cells was evident by microscopic examination. Of particular
interest is that TKD/IL-2 pre-stimulation yielded a robust
degranulation of GrB, leading to a superior and fast
functionality of NK cells already after 4 hours, whereas anti-
Hsp70 CAR T cells showed their highest lytic potential against
mHsp70-positive LS174T cells after 24 hours. As the first line of
defense, NK cells that - after stimulation- are equipped with a
wide range of germline-encoded activatory surface receptors
have the capacity to recognize and kill their targets much
faster than T cells. The cytotoxicity assessment by Annexin/PI
staining method confirms the fast and efficient response of TKD/
IL-2 activated NK cells against mHsp70-positive tumor cells
(Figure S9). At later time points, the clustering of stimulated NK
cells and anti-Hsp70 CAR T cells is more pronounced,
highlighting the time dependence of the specificity for killing
Frontiers in Immunology | www.frontiersin.org 10
target cells expressing mHsp70. Of note, the mHsp70 positivity
on tumor cells was reduced 1.44 ± 0.1 fold after a 36 hour co-
incubation with anti-Hsp70 CAR T cells and 1.5 ± 0.3 fold after a
24 hour co-incubation with TKD/IL-2 activated NK cells. These
data demonstrate the mHsp70 specificity of tumor cell killing by
anti-Hsp70 CAR T cells and activated NK cells. In contrast,
unstimulated NK cells and primary T cells did not show
microscopic signs of effector-to-target cell interactions nor any
lytic activity over time, and allowed even the proliferation of
cancer cells over the time period of 36 hours (Figure 5E).
4 DISCUSSION

The role of cellular immunotherapies in tumor surveillance and
control has become more widely appreciated in recent years.
Since the solid tumor landscape presents diverse and complex
resistance mechanisms, rendering many approaches less
effective, intensive investigations are focused on approaches to
A B DC

FIGURE 4 | Quantification of granzyme B (GrB) and interferon (IFN)-g release by effector cells in co-cultures with target cells. Effector cells were co-cultured with
Hsp70high and Hsp70low LS174T target cells (E:T 1:1, 2.5:1, 5:1, 10:1). (A) Unstimulated (Un) NK cells, (B) TKD/IL-2 stimulated (S) NK cells within PBMC
preparations, parallel to (C) untransduced (Unt) T cells, (D) transduced anti-Hsp70 CAR T cells. The amount of released GrB and IFN-g was measured by double-
color FluoroSpot assay after 4 or 24 hours. The number of spots at each indicated E:T ratio is represented as the mean of independent duplicates of three individual
donors ± SD (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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promote, genetically or otherwise, the functionally and the anti-
tumor effects of adoptive cells (52). For this particular aim, we
used two different strategies: firstly, we addressed activating
receptors responsible for NK cell stimulation triggered by an
Frontiers in Immunology | www.frontiersin.org 11
interaction of NK cells with their corresponding tumor antigen
TKD in the presence of pro-inflammatory cytokines (IL-2).
Secondly, primary T cells were engineered with viral vectors
encoding for an anti-Hsp70-specific CAR with the aim to endow
A B D
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C

FIGURE 5 | Time-lapse visualization of effector cell - target cell interactions in vitro using live microscopy. The interaction of effector cells against Hsp70high LS174T
target cells was monitored over 36 hours using time-lapse imaging. (A) Unstimulated (Un) NK cells, (B) TKD/IL-2 stimulated (S) NK cells within PBMC preparations,
(C) Untransduced (Unt) T cells, (D) Transduced anti-Hsp70 CAR T cells. Effector and target cells were fluorescently stained with PKH26 (red) and PKH67 (green),
respectively and co-cultured at a ratio of 2.5:1 per well of a 24-well plate. The experiment was started after adding the cells to the culture. Representative images at
indicated time points (1, 4, 12, 24, and 36 hours) were provided for parallel comparison. The scale bar is 50 µm. The time-lapse images for each group are
presented at various over 36 hours in Figures S5–S8. (E) The corrected total cell fluorescence (CTCF) at the following time points (1, 2, 4, 8, 12, 16, 20, 24, 28, 32,
and 36 hours) was calculated as described in methods (section 2.10). The data were normalized to the time point 1 hour and presented as the mean of three
independent microscopic fields ± SD.
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these, potentially long living cells, with Hsp70 recognition
capacity and trigger active tumor clearance. Since the antigen-
receptor interaction is the critical aspect of the strategies applied
in this study, selecting the best antigen with sufficient affinity,
specificity, density and valence is of utmost importance. The
stress-inducible mHsp70 on tumor cells exquisitely meets the
criteria as an ideal target for our utilized strategy. Herein, we
have concurrently expanded the potential portfolio of
therapeutics targeting tumors mHsp70 expression from the
established recognition by TKD/IL-2 activated NK cells to
include CAR T cells that have been re-directed to target Hsp70
by genetic cell bioengineering. As illustrated in this study, despite
the different kinetics, stimulated NK cells and anti-Hsp70 CAR
T cells both showed promising Hsp70-targeting capacities

To reach an optimal immune activity of NK cells against solid
tumor-related adoptive resistance, several strategies have been
developed for regulating the involved receptors, for example, by a
targeted blockade of inhibitory receptors or ligation of the
activating receptors (53). With a similar purpose, extensive
studies have employed pro-inflammatory cytokines such as IL-
2 either in ex vivo expansion and activation approach or via
systemic injection (54, 55). Cytokines, either alone or as cocktails
favor the prolonged and elevated cytotoxic activity of NK cells
and contributes to improved cancer patient survival rates (56,
57). Despite clinical success using high and frequent doses of IL-
2, cytokine-associated toxicities such as vascular leak syndrome,
hypotension, and liver toxicities need to be considered,
particularly when administered systemically (58). Moreover,
high doses of IL-2 can adversely affect the efficacy of adoptive
T cell therapies in a dose-dependent manner by driving the
inhibitory effects of CD4+/CD25+/FoxP3+ regulatory T (Treg)
cells in patients (59, 60). However, on a positive side, the
impaired functionality of NK cells isolated from the peripheral
blood of patients with CRC can be recovered by either IL-2 or IL-
15 and when combined with Cetuximab enables antibody-
dependent cellular cytotoxicity (ADCC) (61).

It is essential to identify optimal protocols for NK cell
stimulation, especially when developing therapies for
malignancies that are inherently resistant to autologous cell-
based immunotherapies (62–64). In line with our previous
results (32), we confirmed the immunostimulatory potential of
ex vivo stimulation of NK cells using the TKD Hsp70 peptide in
combination with low dose IL-2. TKD is a 14-mer peptide
sequence derived from the C-terminal binding domain of
Hsp70 which is exposed on the cell surface of tumor cells. In
combination with IL-2, TKD has identical activation properties
to the full-length 70kD-Hsp70 protein (65). The advantage of
our method which involves the activation of PBMCs is that there
is no requirement for NK cell purification by, for example, the
magnetic bead separation methods which can cause effector cell
loss. Additionally, this procedure benefits from reproducibility
and replicability. Since cytokine-mediated toxicities mostly come
from the high-dose IL-2 application in vivo (28), a protocol
involving ex vivo use of low dose IL-2 avoids adverse effects. The
synergistic effect of the TKD/IL-2 on NK cell stimulation,
compared to IL-2 alone, has been documented by an increased
Frontiers in Immunology | www.frontiersin.org 12
production of GrB and IFN-g and interaction with the tumor
target cells.

The potency of TKD/IL-2 activated NK cells to recognize
Hsp70 (30) depends on the nature of the target cells and their
expression of mHsp70. Cells expressing mHsp70 generate signals
that induce the migration of activated NK cells and enable
infiltration into solid tumors (66). Consistent with this finding,
we demonstrate that TKD/IL-2 activated NK cells preferentially
migrated towards mHsp70high (as opposed to Hsp70low data not
shown) LS174T CRC cells. As expected, this resulted in NK cell
binding to target cells and the triggering of effector cell
cytotoxicity-related events, such as the release of effector
molecules, including GrB, and induces apoptosis in cancer cells
expressing mHsp70 (67). Cytotoxicity has been shown to occur via
a perforin-independent apoptosis which involves mHsp70
mediated uptake of GrB (34). In view of the relationship
between functionality and an increased expression of activating
receptors, we found a clear and consistent influence of TKD/IL-2
stimulation on the expression of NKG2D, a member of the NKG2
family, members of the NCR family (NKp30, NKp44, and
NKp46), DNAX accessory molecule-1 (DNAM-1; CD226),
CD69, and CD94 by NK cells from different healthy human
donors. Ligation of the NKG2D receptor is a dominant trigger
in the activation status of the NK cells which can circumvent
signals transmitted through the ligation of inhibitory receptors
(68). NKG2D works together with NCRs in a complementary or
synergistic fashion reflected by an increase in the cytolytic ability
(69). DNAM-1 also belongs to the major killer receptors that
generate NK cell-activating signals (70). The expression of CD69
and CD94 were assessed due to their role as a rapidly expressed
activation marker and their interaction with Hsp70, respectively.
In connection with the proven interplay between CD94 and
Hsp70, we have previously demonstrated the relationship
between the upregulation of CD94 on NK cells after TKD/IL-2
stimulation and their cytotoxic function (71, 72). To date, NK cells
from patients with CRC have been reported to express reduced
levels of common activating receptors and a correspondingly
impaired function (70, 73). Hence, it is important to overcome
these functional deficiencies and activate the appropriate signaling
network in adoptively transferred NK cells in cancers such as
CRC. Our results focus on the remodeling of the NK cell
phenotype and function in the area of tumor antigen-dependent
immunotherapies. Stimulation of NK cells with TKD/IL-2,
significantly increased the proportion of NK cells expressing
relevant receptors, and the density of expression, albeit to
varying degrees. Although the current study has employed
PBMCs obtained from healthy donors, similar responses have
been observed when using cells obtained from patients with cancer
(3). Taken together, TKD/IL-2 pre-stimulation of NK cells and
their subsequent interaction with tumor cells expressing mHsp70,
influences the expression of functional receptors and triggers an
effective anti-tumor cytotoxic response, the potency of which is
dependent on the expression of mHsp70.

The genetic engineering of immune effector cells such as T and
NK cells to express defined CARs is a component of current
frontier technologies driving innovative cancer immunotherapies
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(36, 49). The CAR structure brings advantages in terms of
efficiency and safety which stem from the specified targeting of
tumor antigens in an MHC-I-independent manner and the
enhanced expansion and persistence of effector cells resulting in
persistent responses (37, 74). CAR T cells have provided
unprecedented success in hematological malignancies, with FDA
approval for relapsed and refractory (R/R) B-cell acute
lymphoblastic leukemia (B-ALL) (75), mantle cell lymphoma
(76), diffuse large B-cell lymphoma (77), and R/R multiple
myeloma (MM) (78). However, CAR T cells have not yet
delivered the same levels of efficacy in the setting of solid
tumors. The immunosuppressive status of the tumor
microenvironments (TMEs) overcome the capacity of native and
CAR-enriched T cells to control tumors (79). To overcome this, a
wide range of CARs against multiple antigens that are expressed
by CRC (GUCY2C (80), EpCAM (81), NKG2D (82), Her2 (83),
MUC (84), etc.) are being evaluated using in vitro and pre-clinical
animal models. Although tumor trafficking and infiltration occur,
several antigen-related barriers (e.g., antigen heterogeneity or loss,
or unavailability on the cell surface) limit the powerful ability of
CAR T cells to selectively target desired antigens (85). Moreover,
on-target and off-tumor toxicity resulting from nonspecific
targeting of normal tissue antigens is among the major issues
that currently hinder the safety of CAR T cell therapy (86, 87). For
example, a patient with metastatic CRC experienced pulmonary
complications and subsequent death after an infusion of HER2
CAR T cells which was likely attributable to the expression of
HER2 in the lung epithelium (87). Therefore, one possible way to
overcome these challenges is selecting a target antigen which is
specifically expressed on tumor cells, exhibiting a sufficient
binding affinity and an appropriate distribution on the cell
surface (88).

The membrane form of Hsp70 is a promising antigen for
immune targeting due to its selective and specific expression on
tumors such as CRC, while being undetectable in corresponding
normal cells and tissue (13, 89, 90). In addition to this notable
advantage, this stress-inducible protein can be recognized by
anti-Hsp70 CAR T cells. Antibody-mediated targeting of Hsp70
on tumor cells has been successfully applied for the treatment of
CRC and other malignancies (91). Herein, we genetically
engineered primary T cells to recognize mHsp70 on cancer
cells by retrovirally inserting the anti-Hsp70 CAR cassette, and
demonstrated that the CAR is expressed at sufficient level and
triggers lytic signaling. In this construct, the anti-Hsp70 scFv is
derived from cmHsp70.1 mAb. We have previously reported this
antibody to efficiently bind mHsp70 and inhibit tumor growth in
mice bearing CT26 colorectal adenocarcinoma (46). The
advantage of the approach lies in enhanced infiltration into
solid tumors and selectively elimination of tumor cells
expressing mHsp70. The design of the CAR structure plays a
fundamental role in the success (38). Our second-generation
CAR is composed of CD8a-derived HR and TMD linking the
Hsp70 scFv ectodomain to the CD3z signaling endodomain.
Besides the structural aspect, HR and TMD types are potentially
important for the level of CAR expression and CAR-mediated
function, despite differing target antigens (92–94). The CD28
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co-stimulatory domain not only amplifies the signaling induced
by the CD3z domain (95, 96), but also positively influences the
clinical persistence of CAR T cells (97). Based on the currently
available data, our ability to confirm sufficient level of expression
and the binding specificity of the anti-Hsp70 CAR on T cells
provides evidence for their therapeutic potential. The improved
in vitro persistence of anti-Hsp70 CAR T cells compared to
normal T cells sheds light on possible long-term persistence in
clinical scenarios. The anti-tumor activity of CAR T cells was
demonstrated by an increased GrB degranulation and IFN‐g
secretion which translated into enhanced cytotoxicity of CRC
cells expressing mHsp70. Based on the data from the CRC cell
lines the cytotoxicity of the anti-Hsp70 CAR T cells is related to
the amount of mHsp70 expressing cells.
5 CONCLUSION

Based on this systematic in vitro study, we have highlighted
the importance of mHsp70 as a target on highly aggressive
tumors and the therapeutic potential of anti-Hsp70 CAR T
cells. The exclusive expression of Hsp70 on tumor but not
normal cells, and the broad expression of mHsp70 on many
different tumor entities supports the broad applicability,
specificity and safety of the approaches described herein,
given the reduced likelihood of off-target effects, especially
in the context of anti-Hsp70 CAR T cells. Considering the
safety and efficacy aspects, TKD/IL-2 activated autologous NK
cells have already been shown to have a favorable safety and
efficacy profile in a phase II clinical trial in patients with
advanced NSCLC (3).

In summary, we have been able to transduce PBMC-derived
T cells with a novel anti-Hsp70 CAR and thereby enable them to
recognize CRC cells expressing mHsp70 in a way that resembles
the specificity and cytolytic activity of TKD/IL-2 activated NK
cells. Exposure of TKD/IL-2 stimulated NK cells and anti-Hsp70
CAR T cells to CRC cells expressing mHsp70 triggers GrB-
mediated cytotoxicity and IFN-g release which causes tumor
control in vitro. Further studies are required to assess this novel
treatment in relevant in vivo models.
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64. Sánchez-Martıńez D, Lanuza PM, Gómez N, Muntasell A, Cisneros E, Moraru
M, et al. Activated Allogeneic Nk Cells Preferentially Kill Poor Prognosis B-
Cell Chronic Lymphocytic Leukemia Cells. Front Immunol (2016) 7:454.
doi: 10.3389/fimmu.2016.00454

65. Multhoff G, Mizzen L, Winchester CC, Milner CM, Wenk S, Eissner G, et al.
Heat Shock Protein 70 (Hsp70) Stimulates Proliferation and Cytolytic Activity
of Natural Killer Cells. Exp Hematol (1999) 27(11):1627–36. doi: 10.1016/
S0301-472X(99)00104-6

66. Gastpar R, Gross C, Rossbacher L, Ellwart J, Riegger J, Multhoff G. The Cell
Surface-Localized Heat Shock Protein 70 Epitope Tkd Induces Migration and
Cytolytic Activity Selectively in Human Nk Cells. J Immunol (2004) 172
(2):972–80. doi: 10.4049/jimmunol.172.2.972

67. Trapani JA, Smyth MJ. Functional Significance of the Perforin/Granzyme Cell
Death Pathway. Nat Rev Immunol (2002) 2(10):735–47. doi: 10.1038/nri911
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