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T cell receptor (TCR)-engineered T cell therapy is a promising
cancer treatment approach. Human telomerase reverse tran-
scriptase (hTERT) is overexpressed in the majority of tumors
and a potential target for adoptive cell therapy. We isolated a
novel hTERT-specific TCR sequence, named Radium-4, from
a clinically responding pancreatic cancer patient vaccinated
with a long hTERT peptide. Radium-4 TCR-redirected primary
CD4+ and CD8+ T cells demonstrated in vitro efficacy, produc-
ing inflammatory cytokines and killing hTERT+ melanoma
cells in both 2D and 3D settings, as well as malignant, pa-
tient-derived ascites cells. Importantly, T cells expressing
Radium-4 TCR displayed no toxicity against bone marrow
stem cells or mature hematopoietic cells. Notably, Radium-4
TCR+ T cells also significantly reduced tumor growth and
improved survival in a xenograft mouse model. Since hTERT
is a universal cancer antigen, and the very frequently expressed
HLA class II molecules presenting the hTERT peptide to this
TCR provide a very high (>75%) population coverage, this
TCR represents an attractive candidate for immunotherapy
of solid tumors.

INTRODUCTION
Adoptive Cellular Therapy (ACT) using genetically modified T cells
has rapidly gained credit as an approach to cancer treatment.
T cell-based ACT relies on guiding effector cells to the cancer through
the introduction of specific receptors, either a T cell receptor (TCR) or
a chimeric antigen receptor (CAR). Currently, the most advanced
therapeutic receptors target the B cell antigen marker cluster of differ-
entiation (CD)19 and have been used successfully in the treatment of
B cell malignancies.1,2 Although effective, CAR recognition is
restricted to surface molecules, which represent a limitation of can-
cer-specific targets and increase the risk of recognition of healthy tis-
sues. On the other hand, TCRs recognize peptides in complex with the
major histocompatibility complex (MHC or human leukocyte antigen
[HLA]) and can potentially detect any peptides generated in a cell,
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since all proteins are degraded and presented on the MHC. This sub-
stantially expands the number of targets and allows for optimal
matching of the TCR specificity to tumor antigens.3 Human telome-
rase reverse transcriptase (hTERT) is an attractive tumor-associated
antigen (TAA), since it is constitutively overexpressed in the majority
of human cancers. Reactivation of telomerase in cancer cells allows
for unlimited cellular proliferation and immortality by preventing
chromosome attrition.4 hTERT expression has been demonstrated
in >90% of cancer cells5–8 and is critical for epithelial-mesenchymal
transition (EMT) and metastasis.9 Additionally, hTERT reactivation
is considered to be essential for cancer stem cells, which are thought
to be pivotal for cancer relapse and treatment resistance.10,11 Impor-
tantly, transfer of therapeutic TCRs to T cells of MHC-compatible pa-
tients with a solid tumor has demonstrated clinical responses in
recent trials.12,13

Amajor issue in the development of a therapeutic TCR is the origin of
the molecule. High-affinity TCRs have been generated by directed
evolution or using transgenic mice,14,15 but clinical studies have
shown that when enhanced TCRs are used in patients, they can
lead to fatal outcomes, mainly due to their unpredicted recognition
of additional targets.15,16 The focus of our group and other labs has
been on tumor-specific T cell populations identified in patients re-
sponding to cancer vaccinations.17–19 We consider these TCRs to
be safer, since they have not been modified and have already passed
selection in a thymus.
cular Therapy Vol. 29 No 3 March 2021 ª 2020 The Authors. 1199
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.ymthe.2020.11.019
mailto:elsin@rr-research.no
mailto:sebastw@rr-research.no
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymthe.2020.11.019&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


A

C

D

E F G

B

(legend on next page)

Molecular Therapy

1200 Molecular Therapy Vol. 29 No 3 March 2021



www.moleculartherapy.org
Here, we report the isolation and preclinical efficacy and safety vali-
dation of a T helper cell type 1 (Th1) cell-derived TCR, Radium-4.
This TCR recognizes the central, enzymatic component of telomerase
hTERT in the context of HLA-DP04 and HLA-DP03, frequent MHC
class II alleles expressed in about 76% of the white population20 and
important worldwide.21,22 Notably, we selected the Radium-4 TCR
because the original T cell clone also had demonstrated reactivity
against autologous ascites cells and thus, a strong sensitivity to endog-
enous antigen levels,23 in contrast to the previously reported
enhanced hTERT-specific TCRs.24,25 This direct recognition suggests
that the hTERT epitope is processed and loaded onto MHC, which is
infrequent for MHC class II peptides but attractive in terms of target-
ing as many solid tumors that also express MHC class II.26,27 We
demonstrated here how Radium-4 TCR was efficiently expressed in
CD4+ and CD8+ T cells and functional upon specific stimulation, sug-
gesting that although not enhanced, this TCR showed natural high af-
finity. The high affinity was confirmed by recognition of endogenous
hTERT levels by Radium-4 TCR and lysis of melanoma cell lines
grown as 2D cultures and as spheroids. We then engrafted non-obese
diabetic (NOD).Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice with tumor
cells and found that treatment with Radium-4 TCR could both signif-
icantly reduce their growth and enhance survival. This is encouraging
given that this model is unable to capture the full functional capacity
of Th1 cells due to lack of relevant antigen-presenting cells (APCs)
and a full human T cell repertoire. In summary, we demonstrated
the effectiveness of this MHC class II-restricted TCR in ACT.
Furthermore, Radium-4 TCR, targeting a widely expressed tumor an-
tigen and with a broad population coverage, is a strong candidate for
clinical use and further validates our strategy of isolating TCRs from
clinically responding patients in cancer vaccine trials for the develop-
ment of TCR-based cancer immunotherapy.28

RESULTS
Isolation and Expression of Radium-4 TCR

Radium-4 TCR was identified from the peripheral blood of a pancre-
atic cancer patient showing a strong vaccine response and long-term
survival following therapy.23 Previously isolated CD4+ T cell clones
with high reactivity against the hTERT peptide 611–626 produced in-
flammatory cytokines after coincubation with peptide-loaded HLA-
DP04+ cells (Figure 1A).

We designed a Radium-4 construct where TCR alpha and beta chains
were connected with a 2A ribosome-skipping sequence, as previously
Figure 1. Radium-4 TCR Is Efficiently Expressed, Functional, and Specific
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reported (Figure S1A, top)29 and first confirmed the TCR expression
upon mRNA electroporation of the TCR-negative cell line, J76 (Fig-
ure S1A, bottom). To facilitate the detection of Radium-4 TCR in pri-
mary T cells, we included a CD34 tag via a second 2A sequence at the
end of the TCR coding sequence30 and confirmed the expression of
the molecules in J76 (Figure 1B, top). Then, primary healthy donor
T cells were transduced and shown to express high levels of the
construct (Figures 1B and S1B). Importantly, we attempted to
generate a peptide-MHC (pMHC) multimer in order to detect the
TCR in primary T cells; however, only a weak, unstable signal could
be detected upon TCR expression in primary T cells (data not shown).
This has also been reported for other TCRs that are still fully func-
tional and is especially challenging for MHC class II-restricted
TCRs.31 These data showed that Radium-4 TCR could be efficiently
produced using different expression systems.

Phenotypic Description of Radium-4 TCR T Cells

To assess the phenotype and homogeneity of the retrovirally trans-
duced T cells after expansion, we performed CyTOF experiments
and subsequent analysis and visualization of high-dimensional sin-
gle-cell data using the viSNE algorithm. These revealed that expanded
Radium-4 TCR T cells were composed of 20% naive cells (CD45RA+,
CD62L+, CD27+, CD57�), 20% effector memory cells (CD45RA�,
CD62L+, CD27+, CD28+, CD57�), and 60% effector cells (CD62L�,
CD45RA�, CD57�) (Figures 1C and S2A). Similar T cell phenotypes
were already described after expansion with CD3/CD28 Dynabeads.32

Furthermore, both CD4+ and CD8+ T cell populations were repro-
ducibly transduced with both Radium-4 TCR and a control TCR,
Radium-6 (see below; Figure S4).

Recognition of Processed Cognate Peptide by Radium-4 TCR

Triggers Cytokine Secretion

We next tested the activity of Radium-4 TCR in primary T cells by
assessing changes in the expression of activation markers upon coin-
cubation with the HLA-DP04+ melanoma cell line ESTDAB-039,
preloaded or not with the hTERT 611–626 peptide. As revealed by
CyTOF analysis, upon encounter with a cognate target, Radium-4
TCR T cells upregulated activation markers (CD25, CD137, CD161,
and NKG2D) and immune checkpoint markers (LAG3 [lympho-
cyte-activation gene 3], TIGIT [T cell immunoreceptor with immu-
noglobulin and ITIM domains], TIM3 [T cell immunoglobulin and
mucin domain-containing protein 3], and PD1 [programmed cell
death protein 1]) (Figures 1D, top, and S2B). Interferon-g (IFN-g)
d with HLA-DP04+ EBV-LCL, loaded or not with hTERT 611–626 peptide. Repre-
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Figure 2. Radium-4 TCR Promotes Specific Tumor Lysis

(A) Lysis kinetics obtained by BLI assay of effector T cells transduced with Radium-4 TCR (red), Radium-6 (Rad6) TCR (blue), or mock-transduced T cells (black) cocultured

with a HLA-DP04+ HLA-DR04+ EBV-LCL cell line, loaded or not with hTERT 611–626 peptide (phTERT), TGF-bRII frameshift mutated 127–145 peptide (p621), or NY-ESO-1

(legend continued on next page)
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and tumor necrosis factor a (TNF-a) production of redirected T cells
were assessed upon incubation with target cells; HLA-DP04+ Epstein-
Barr virus-transformed lymphoblastoid cell lines (EBV-LCLs),
previously loaded or not with hTERT 611–626 peptide. Intracellular
cytokine staining showed that Radium-4 TCR T cells exhibited a Th1/
Tc1 profile. As shown, both redirected CD4+ and CD8+ T cells were
able to recognize the cognate antigen and secrete cytokines (Figures
1E and 1F), suggesting that Radium-4 TCR could operate in a
coreceptor-independent manner. We confirmed these results in
a transient system where TCR mRNA was electroporated into
T cells (Figure S3A). Additionally, we observed that Radium-4
TCR was highly sensitive to low peptide concentration, as shown
by a saturationmodel fitting for the percentage of cytokine-producing
cells with a half-maximal effective concentration (EC50) of 0.1 mM
peptide (Figure S3B).33,34 Since Radium-4 is a CD4+ T cell-
derived TCR, we needed to evaluate that the cognate peptide
was naturally processed and presented by MHC class II-positive
cells upon exogenous loading. We therefore tested Radium-4
mRNA-electroporated T cell activation against either peptide- or pro-
tein-loaded target cells (Figure 1G). These experiments were repeated
side by side with the original T cell clone,23 which demonstrated
similar dynamics (Figure S3C). From these data, we concluded that
Radium-4 TCR was not only potent in redirected T cells in two
expression formats but was also sensitive to the naturally processed
hTERT epitope.

Radium-4 TCR Promotes Antigen-Specific Tumor Cell Killing

The cytotoxic capacity of CD4+ T cells has previously been demon-
strated, both against viral antigens and in cancer.35,36 We therefore
tested if Radium-4 TCR expression could confer cytotoxic capacity
to transduced T cells upon coculture with EBV-LCLs carrying the
particular HLA molecules presenting the target (Figure 2A). In this
experiment, we included an alternative MHC class II-restricted
TCR (Radium-6), specific for the transforming growth factor-b re-
ceptor II (TGF-bRII) frameshift mutated 127–145 peptide (p621)
presented on HLA-DR04 T cells as a control TCR37 (Figure S4).
T cells modified to express Radium-4 and Radium-6 TCRs were
confirmed to kill (Figures 2A and S5A) and produce (Figures 2B
and S5B–S5D) cytokines in a pMHC-specific manner. This was
further supported by the use of a negative control, where the two
TCRs were tested against their cognate peptides and a long peptide
derived from NY-ESO-1 157–170, shown to bind the HLA-DP04
allele as a negative control.38

Since MHC class II molecules are normally not loaded with protea-
some-derived peptides,39 we created a cell line to further study the
157–170 peptide (pNY-ESO-1). Representative graphs of two experiments. Data repre

Corresponding intracellular IFN-g and TNF-a production of the same effector T cells (CD

of triplicates. (C) Measurements of the Annexin V signal restricted to phase/GFP+ detecte

mock-transduced T cells. Data represent mean ± SD of 36-plicates. Pooled metrics

ESTDAB-1000 spheroids in the presence of Rad-4 TCR, Rad-6 TCR, or mock-transd

periments are shown. (E) Representative micrographs of ESTDAB-1000 spheroids in th

and red signals come from ESTDAB-1000 GFP+ cells and Annexin V, respectively. Sca
impact of Radium-4 TCR-dependent cytotoxicity. To this end, we
designed an invariant (Ii) chain construct, where the CLIP (class-
II-associated invariant chain peptide) region was replaced by the
target hTERT peptide, as we recently reported with other class II
peptides.37 Although ESTDAB-039 expressed low levels of endoge-
nous hTERT, we stably transduced this HLA-DP04+ melanoma cell
line (which became ESTDAB-1000) to create a target cell line
constitutively expressing the hTERT 611–626 epitope. We then vali-
dated the cytokine production capacity of Radium-4 TCR-redirected
T cells against ESTDAB-1000 (Figures S6A and S6B) before we
compared it with the parental ESTDAB-039 loaded with the hTERT
peptide, demonstrating that ESTDAB-1000 cells were suitable tar-
gets. We further evaluated Radium-4 T cell potency against EST-
DAB-1000 spheroids by measuring Annexin V (red) and GFP
(green) signals of target cells in live-cell imaging. Similar to data
from 2D cultures, Radium-4 TCR-redirected T cells demonstrated
efficacy and specificity in killing of these complex structures
compared to control T cells (Figures 2C–2E). These results were
confirmed both in Annexin V and a bioluminescence (BLI)-based
cytotoxicity assay against multiple cell lines (ESTDAB-039, EBV-
LCL, and Granta-519) expressing the Ii chain construct or loaded
or not with hTERT peptide for the original patient T cell clones,
Radium-4 TCR-transduced and mRNA-electroporated T cells (Fig-
ures S7A–S7D). In addition, Radium-4 TCR-electroporated T cells
demonstrated the same efficiency in terms of kinetics, efficacy,
and specificity. We then demonstrated the cytolytic capacity of
the Radium-4 TCR CD4+ and CD8+ T cell subset separately or com-
bined at various effector-to-target (E:T) ratios against ESTDAB-039
preloaded with hTERT peptide (Figure S8A) or ESTDAB-1000 (Fig-
ure S8B). At high E:T ratios and high antigen concentrations, CD8+

T cells or the combined population showed slightly faster kinetics,
but these differences were not significant. This confirmed both the
coreceptor independency of Radium-4 TCR and the cytolytic capac-
ity of both CD8 and CD4 T cell subsets. Taken together, these
data support that melanoma cells expressing a modified Ii chain
construct, ESTDAB-1000, could be used as a model target for
CD4 TCR-dependent T cell cytotoxicity.

Radium-4 TCR T Cells Recognize and Kill HLA-DP04+ and HLA-

DP03+ Tumor Cells

To assess if Radium-4 TCR-redirected T cells could also recognize
endogenous levels of hTERT presented on HLA-DP04+, we
tested their cytotoxicity against patient-derived melanoma cell
lines in Annexin V assays (Figures 3A–3C and S9). Radium-4
TCR T cells demonstrated higher killing capacity against mela-
noma cell lines HM8, MM369, and ESTDAB-039 (Figure S9A)
sent mean ± SD of triplicates. Statistics were calculated on the 22-h time point. (B)

4+ cells) cocultured in a similar fashion as described in (A). Bars represent mean ± SD

d objects of ESTDAB-1000 spheroids in the presence of Rad-4 TCR, Rad-6 TCR, or

of two independent experiments are shown. (D) Measurements of GFP signal of

uced T cells. Data represent mean ± SD of 36-plicates. Pooled metrics of two ex-
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Figure 3. Radium-4 TCR Recognizes Endogenous Antigen

(A) Lysis kinetics obtained by measuring the Annexin V signal of effector T cells transduced with Radium-4 TCR cocultured with patient-derived melanoma cell lines (hTERT+/

HLA-DP04+ or HLA-DP03+) or the K562 cell line (hTERT+/HLA-DP04�). Pooled graphs of two experiments. Data represent mean ± SEM of dodecaplicates. (B) Lysis kinetics

obtained by measuring the Annexin V signal of effector T cells transduced with Radium-4 TCR cocultured with spheroids of patient-derived melanoma cell lines (hTERT+/

HLA-DP04+ or HLA-DP03+) or the K562 cell line (hTERT+/HLA-DP04�). Pooled graphs of two experiments. Data represent mean ± SEM of hexaplicates. (C) Representative

micrographs of HM8, MM369, and K562 spheroids in the presence of Radium-4 or mock T cells. Red signals come from Annexin V. Scale bar, 250 mm. (D) Annexin V signal

after coculture of effector T cell patient ascites cells measured by live-cell imaging. Data represent mean ± SD of octoplicates. Statistics were calculated on the 10-h time

point. (E) Representative micrographs of T cells and patient ascites coculture. Red signals come from Annexin V. Scale bar, 250 mm.
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than the HLA-DP04� control cell lines K562 and MM382
(Figure S9B), both in 2D and 3D cultures. Surprisingly, the
Radium-4 TCR T cells specifically killed the MM369 cell line,
which was tissue typed to be homozygous for the HLA-DP*03:01
allele. We confirmed the presentation of the hTERT 611–626
epitope on HLA-DP03 and its recognition by the Radium-4 TCR
by demonstrating that peptide-loaded HLA-DP03+ EBV-LCLs
1204 Molecular Therapy Vol. 29 No 3 March 2021
were also specifically recognized by Radium-4 TCR T cells
(Figure S10).

Importantly, the killing capacity of Radium-4 TCR T cells was tested
against ascites cells from the pancreatic cancer patient from which the
Radium-4 TCR originated. The T cell clone was previously shown to
proliferate against ascites cells.23 Here, we demonstrated significant
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Figure 4. Transduced Radium-4 T Cells Control Tumor Load In Vivo upon Intraperitoneal (i.p.) Administration

(A) NSG mice were engrafted with GFP/Luc+ ESTDAB-1000 tumors i.p., and 3 days after tumor inoculation, mice were randomized and received i.p. injections of mock or

Radium-4 TCR-transduced T cells (n = 10 for each group) for a total of 4 injections. (B) ESTDAB-1000 tumor growth curves after mock or Radium-4 TCR-transduced T cell

transfer. Data represent means ± SD of two independent experiments pooled. (C) Kaplan-Meier survival curves of mice shown in (D). Survival curves were analyzed with a

Mantel-Cox (log-rank) test. (D) Micrographs obtained from In Vivo Imaging System (IVIS) of mice inoculated with ESTDAB-1000 and treated with mock or Radium-4 TCR-

transduced T cells. (E) Percentage of GFP�/CD3+ cells in single-cell suspensions made from tumor or mesenteric lymph node tissues extracted from mice treated with

transduced Radium-4 or mock-transduced T cells. Representative flow diagrams from three independent animals. (F) Summary of the proportion of GFP�/CD3+ cells shown
in V. Bars represent mean ± SD. Statistical validation was realized between Radium-4 and mock conditions.
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killing of the ascites cells by Radium-4 TCR-transduced cells (Figures
3D and 3E) and confirmed that this was also the case for TCRmRNA-
electroporated T cells and the patient T cell clone compared to mock
T cells (Figure S9E).

In summary, these results demonstrate that a CD4 TCR can induce
target killing and that the specificity and potency of Radium-4
TCR-redirected T cells against tumor cells are independent of their
spatial organization (2D or 3D).

Transduced Radium-4 T Cells Improve Survival of Melanoma-

Carrying Mice

To test whether lymphocytes transduced with Radium-4 TCR could
mediate anti-tumor responses in vivo, NSG mice were engrafted
with ESTDAB-1000. Mice received intraperitoneal (i.p.) injections
with either Radium-4 TCR or mock-transduced T cells (Figure 4A).
Tumor load was measured on the day of the first treatment (d0)
and every 3–7 days after until tumor burden was too large for accurate
measurements or mice had to be euthanized. Tumor load and survival
were plotted to compare between the groups (Figures 4B–4D). The
treatment with Radium-4 TCR T cells significantly reduced the tumor
load compared to mock T cells and greatly enhanced survival of the
treated mice. Upon reaching humane endpoint criteria, mice were
sacrificed, and both tumor and mesenteric lymph nodes were
analyzed for the presence of lymphocytes. Mice treated with
Radium-4 TCR T cells demonstrated increased infiltration of
T cells in both tissue types in comparison with the mock condition
(Figures 4E and 4F). The potency of Radium-4 TCR-transduced
T cells was then tested in a more physiologically relevant setting by
subcutaneous (s.c.) injection of melanoma ESTDAB-1000 cells and
intravenous (i.v.) transfer of Radium-4, Radium-6 TCR, or mock-
transduced T cells (Figure 5A). Again, Radium-4 T cells reduced
the tumor load and size compared to Radium-6 or mock conditions
(Figures 5B, 5C, and 5E) and significantly improved overall survival
of the mice (Figure 5D). Radium-4 T cells demonstrated enhanced
in vivo persistence in tumor tissue and spleen compared to
Radium-6 and mock T cells >50 days after the last injection (Fig-
ure 5F). Overall, Radium-4 TCR-transduced T cells could control
the tumor growth, probably due to the improved kinetics of a stable
system. These data support Radium-4 T cell efficacy in vivo.

We previously showed that mRNA-redirected T cells, with either
CAR40 or an MHC class I-restricted TCR,41 could limit tumor pro-
gression in NSG mouse xenograft models. We thus injected NSG
mice i.p. with the melanoma cell line ESTDAB-1000. After 3 days,
mice were randomized and injected i.p. every other day with
Radium-4 mRNA or mock-transfected T cells or with medium (Fig-
ure S11A). However, there was no difference seen in tumor burden or
Molecular Therapy Vol. 29 No 3 March 2021 1205
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Figure 5. Transduced Radium-4 T Cells Control Tumor Load In Vivo upon Intravenous (i.v.) Administration

(A) NSGmice were engrafted with GFP/Luc+ ESTDAB-1000 tumors subcutaneously, and 3 days after tumor inoculation, mice were randomized and received i.v. injections of

mock-transduced, Radium-4 TCR-transduced, or Radium-6 TCR-transduced T cells or no treatment (n = 10 for each group; 5 for the untreated condition) with a total of 4

injections. (B and C) ESTDAB-1000 tumor growth curves after no treatment or mock, Radium-4 TCR, or Radium-6 TCR T cell transfer. Tumor load was measured by IVIS (B)

or caliper (C). Data represent means ± SD of two independent experiments pooled. (D) Corresponding Kaplan-Meier survival curves. Survival curves were analyzed with a

Mantel-Cox (log-rank) test. (E) Micrographs obtained from IVIS of mice inoculated with ESTDAB-1000 and left untreated or treated with mock-transduced T cells, Radium-6

TCR-transduced T cells, or Radium-4 TCR-transduced T cells. (F) Percentage of GFP�/CD3+ cells in single-cell suspensions made from tumor or spleen tissues. Repre-

sentative flow diagrams from three independent animals.
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overall survival of the mice (Figures S11B and S11C) after treatment
with mRNA-electroporated Radium-4 T cells compared with mock
T cells in this tumor model.

Taken together, these results demonstrate that in vivo anti-tumor ef-
ficacy of Radium-4 TCR-transduced T cells reduced tumor growth
and enhanced survival of tumor-challenged mice.

Radium-4 T Cells Do Not Recognize Hematopoietic Cells

Potential crossreactivity of T cells against hematological stem cells
was addressed, as such cells have been reported to express telome-
rase.42,43 We studied the impact of Radium-4 TCR-expressing
T cells on the colony-forming ability of bone marrow progenitor cells.
We used a colony-forming unit (CFU) assay to demonstrate that
myeloid and erythroid colony formation in bone marrow samples
was not affected. To this end, we cocultured HLA-DP04+ bone
marrow cells from four different donors with autologous Radium-4
1206 Molecular Therapy Vol. 29 No 3 March 2021
TCR-expressing T cells at an E:T ratio of 10:1. As shown, we did
not observe any change compared to the mock T cells (Figure 6A).
These observations demonstrated that Radium-4 T cells were not
cytotoxic against autologous stem cells from bonemarrow, suggesting
that its clinical use would be safe. These results were confirmed by
several coculture assays of Radium-4 and mock T cells from healthy
donors with their respective peripheral blood mononuclear cells
(PBMCs) in bulk or separated. Our results show that Radium-4
T cells reacted only against PBMCs from HLA-DP04+ donors loaded
with peptide (Figure 6B). The hTERT-specific, redirected T cells did
not show any signs of crossreactivity against the various purified sub-
sets of hematopoietic cells (Figure 6C) and did not secrete more in-
flammatory cytokines in the absence of the cognate peptide or HLA
allele than their mock T cell counterparts (Figure S12). Again, in
the presence of cognate target, multiplex cytokine assays revealed spe-
cific production of TNF-a and IFN-g that are specific of Th1/Tc1
cells, thus confirming intracellular flow cytometry analysis. Overall,



Figure 6. Redirected Radium-4 T Cells Do Not Recognize Hematopoietic Cells

(A)Healthy donor bonemarrowprogenitor cellswere coculturedwith autologous T cells, either transfectedwithRadium-4TCRmRNAormock-transfected T cells for 6 h at anE:T

ratio of 10:1. The cells were then plated in semisolid methylcellulose progenitor culture for 14 days and scored for the presence of colony-forming unit (CFU)-erythrocyte (E), red;

CFU-granulocyte macrophages (GMs), white colonies; and in gray the total number of colonies. Data representmean± SD of triplicates. (B) Fold increase in cytokine production

(IFN-g, TNF-a) measured by flow cytometry upon coculture of stably transduced Radium-4 TCR T cells or mock-transduced T cells from three donors (two HLA-DP04+ and one

HLA-D04�) with their respectivePBMCs.Data representmean±SDof triplicates. (C) PercentageofCD107a+-transducedTcells from threedonors, asdescribed in (B) cocultured

with purified subpopulations of PBMC. PMA-ionomycin and hTERT 611–626 peptide-loaded HLA-DP04+ EBV-LCL stimulations were used as a positive control.

www.moleculartherapy.org
our findings demonstrate that Radium-4 TCR-redirected T cells are
potent and safe.

DISCUSSION
There is a dire need for new treatment options in solid cancer. Despite
ACT being one of the most promising new treatment approaches in
hematological cancer, it has not yet proven very successful in the
treatment of solid tumors. Although no TCRs have been approved
by the US Food and Drug Administration (FDA), TCR therapy
may have a clear advantage over CARs in solid tumors. First, TCR tar-
gets are numerous and include any proteins (intra- or extracellular)
presented on the cell surface by MHCs. Second, TCRs require very
low antigen density, and only one pMHC complex can be sufficient
for TCR-mediated T cell activation.44 Third, in this, setting the risk
of TCR crossreactivity with normal tissues is low.

We report on a TCR recognizing one of the most universally ex-
pressed cancer antigens, hTERT. This TCR is restricted to a very com-
mon HLA allele, HLA-DP04, making it applicable for a large group of
cancer patients. The recognition by the original T cell clone of both
autologous ascites cells and processed hTERT protein supports its
clinical efficacy.23 The clinical potential of our TCR is further sup-
ported by its high affinity for hTERT and its partial CD4 coreceptor
independence. The recognition by redirected Radium-4 T cells of
their antigen following digestion and presentation on APCs suggests
recognition of the cognate antigen in vivo. Furthermore, the reduction
of patient-derived melanoma cells in a 3D spheroid model, which is
more representative of tumor tissue, speaks to the potential efficacy
of our TCR in the clinical treatment of solid tumors. This is important
information to gather on potential immunotherapy treatments, since
many CARs and TCRs studied have displayed quite different effects
in cell-line models than in patients.45

We also demonstrated that the Radium-4 TCR recognized an addi-
tional HLA-DP allele, HLA-DP03 (12.5% worldwide).22 It is not un-
common for peptides to be presented by several HLA-DP mole-
cules,22,46 and this can therefore further broaden the application of
our TCR.

Testing of both transiently and stably redirected T cells is instru-
mental to enable safe first-in-man clinical studies, as well as long-
term stability and efficacy in cancer treatment. Transient TCR
expression following mRNA electroporation allows for rapid termi-
nation of T cell activation by cessation of T cell infusions, which is
critical to reduce the impact of any potential crossreactivity or other
toxicity.

Retrovirally transduced T cells expressing Radium-4 TCR were supe-
rior to mRNA-transfected cells in most assays, including our mouse
model. This is expected, since following electroporation, TCR expres-
sion is maximal 18–22 h and decreases when the T cell recognizes its
target and divides, reaching undetectable levels after 4 days.41 Thus,
transduced T cells are likely superior for clinical cancer eradication
once severe toxicity is ruled out using transiently transfected cells.
Molecular Therapy Vol. 29 No 3 March 2021 1207
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Available methods to evaluate crossreactivity of MHC class II-
restricted TCRs are limited, but we consider this risk low for
Radium-4 TCR, given the MHC context; first, because the construct
was not modified or enhanced and has already been thymically
selected. Second, the on-target and off-tumor crossreactivity for
hTERT peptides would be predicted to most likely affect hematopoi-
etic and/or germ cells since the protein is not normally expressed in
other tissues.43,47 However, our assays did not detect any toxicity
against hematopoietic stem cells. Third, there were no reported
adverse events in the patient from whom the TCR was isolated.23

Although in theory, there is a potential risk of mispairing between
introduced and endogenous TCR chains creating new specificities,
this has not been observed in clinical studies.48 Others have reported
on hTERT TCRs in the context of MHC class I.49,50 Although these
TCR studies did not demonstrate toxicity against CD34+ hematopoi-
etic progenitors in vitro, the granulocytic compartment of the bone
marrow was affected in vivo.50 This further emphasizes the benefit
of using mRNA transfection as a safety measure in first-in-man clin-
ical testing, and this has already been proven feasible for CAR T cell
therapy in several solid tumors.51–53We are currently running clinical
testing of mRNA transfection in TCR therapy in microsatellite
instable colon cancer (ClinicalTrials.gov: NCT03431311; S.M.M.,
unpublished data). All clinical studies of TCR therapy published to
date, except one,54 have used MHC class I-restricted TCRs (recently
reviewed in Wolf et al.55).

One tumor-escapemechanism is to downregulateMHC class I in order
to prevent recognition by the immune system.56 MHC class II-
restricted CD4+ T cells could bypass this and induce a more robust
and diverse anti-tumor immune response and improve outcomes in
cancer immunotherapy. They are capable of directly recognizing
MHC class II-expressing tumor cells and can inhibit tumor growth
upon adoptive transfer either alone or in combination with CD8+

T cells.57,58 Their main mechanism of action is through indirect recog-
nition of tumor-derived antigens on APCs, thereby providing help for
cytotoxic CD8+ T cells and orchestrating a broader immune response
leading to epitope spreading.59 Approaches using CD4+ T cells in
TCR therapy could therefore lead to more durable therapeutic effects.
However, in vivo assays in mice, as presented here, only demonstrate
direct killing of the target, whereas the helper function of Radium-4
TCR-expressing T cells is indiscernible due to the lack of a human im-
mune system. Thismay underestimate the capacity of transiently redir-
ected T cells to engage other players in the immune system, as observed
for mRNA-engineered CAR T cells inducing epitope spreading in pa-
tients.51 Consequently, although stable Radium-4 TCR expression
was superior in controlling tumor growth inourmousemodel, it should
not preclude the use ofmRNA for a first-in-man clinical protocol, since
it is safer, and the clinical benefit is likely underestimated by this tumor
model.

In conclusion, we show here that Radium-4 TCR, a CD4 T cell-
derived TCR, has the potential to be effective in immunotherapy
treatment of solid cancer. The unique universality of the target,
hTERT; its importance for EMT, cancer stem cells, and metastasis;
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as well as the commonality of the HLA allele used for its presentation
support further clinical development of this TCR.

MATERIALS AND METHODS
Cell Lines, Media, and Reagents

EBV-LCLs used as target cells were generated by immortalization of
B cells from PBMCs of patients and donors using EBV supernatant
from themarmoset cell line B95.8, as previously described.60 Addition-
ally, we used EBV-LCLs 9018, 9040, and 9082 from the 9th and 10th

International Histocompatibility Workshops.61 Patient-derived mela-
noma cells lines HM8,MM369, andMM382 were established in-house
frommelanoma lymph node or brain metastases (REK S-06151, 2012/
2309, 2015/2434).Melanoma cell line ESTDAB-039 was obtained from
the European Searchable Tumor Line Database (Tübingen, Germany),
K562 purchased from Thermo Fisher Scientific, and Hek-Phoenix
(Hek-P) and Granta-519 were from our collection.62 All cell lines
were passaged for fewer than 6 months after their purchase. Cell lines
were tested for mycoplasma contamination using a PCR-based detec-
tion kit (VenorGeM; Minerva Biolabs, Berlin, Germany). Cell lines
were cultured in RPMI 1640 (Gibco; Thermo Fisher Scientific, Wal-
tham, MA, USA), supplemented with gentamicin and 10% fetal calf
serum (FCS) (Gibco; Thermo Fisher Scientific, USA), and Hek-P
were grown in DMEM (GE Healthcare, Chicago, IL, USA), supple-
mented with 10% HyClone FCS (GE Healthcare) and 1% antibiotic-
antimycotic (penicillin/streptomycin [p/s]; GE Healthcare).

All T cells were grown in X-Vivo 15 (Lonza, Basel, Switzerland), sup-
plemented with 5% CTS serum replacement (Thermo Fisher Scienti-
fic) and 100 U/mL interleukin (IL)-2 (Proleukin; Novartis, Basel,
Switzerland), denoted complete medium hereafter, unless otherwise
stated.

In Vitro mRNA Transcription of TCR Targeting hTERT

A hTERT-specific, HLA-DP04-restricted TCR was identified in a
CD4+ T cell clone from a vaccinated pancreatic cancer patient and
named Radium-4.23 The in vitro mRNA synthesis was performed,
essentially as previously described.63 Anti-Reverse Cap Analog
(Trilink Biotechnologies, San Diego, CA, USA) was used to cap the
RNA. The mRNA was assessed by agarose gel electrophoresis and
Nanodrop (Thermo Fisher Scientific).

Retroviral Particle Production

Viral particles were produced, as described in Wälchli et al.,29 and
used to transduce T cells. In brief, 1.2 � 106 Hek-P cells were plated.
Transfection was performed using Extreme-gene 9 (Roche) with a
mix of DNA, including the retroviral packaging vectors and the
expression vector, to an equimolar ratio. After 24 h, the medium
was replaced with 1% HyClone FCS containing DMEM, and the cells
were transferred to a 32�C incubator. Supernatants were harvested
after 24 h and 48 h of incubation.

In Vitro Expansion of Human T Cells

The study was approved by the Regional Committee for Medical
Research Ethics (Oslo, Norway) ( Regional Committees for Medical
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and Health Research Ethics [REC] approval number: 2013/624, 2016/
2247). T cells from healthy donors were expanded using a protocol
adapted for good manufacturing practice (GMP) production of
T cells employing CD3/CD28 Dynabeads, essentially as previously
described.32 In brief, PBMCs were isolated from buffy coats by density
gradient centrifugation and cultured with Dynabeads (CTS
Dynabeads CD3/CD28, provided by Gibco; Life Technologies AS,
Oslo, Norway) at a 3:1 ratio in complete X-Vivo 15 medium with
100 U/mL IL-2 for 10 days. After 10 days expansion, CD3/CD28 Dy-
nabeads were removed, and T cells were electroporated with TCR
mRNA, either frozen or used directly.

Electroporation of Expanded T Cells

Expanded T cells were washed twice and resuspended in X-Vivo 15
medium (Lonza) at 70 � 106 cells/mL. The mRNA or water (mock)
was mixed with the cell suspension at 100 mg/mL and electroporated
in a 4-mm gap cuvette at 500 V and 2 ms using a BTX 830 Square
Wave Electroporator (BTX Technologies, Hawthorne, NY, USA).
Immediately after transfection, T cells were rested overnight in com-
plete medium before being frozen. For use in the in vivo model, the
T cells were thawed on the day of treatment and rested in complete
medium for 2 h before injection.

CD4+ and CD8+ T Cell Isolation

CD8+ T cells were isolated using the Dynabeads CD8 Positive Isola-
tion Kit (Invitrogen by Life Technologies AS, Norway), following the
manufacturer’s protocol. The negative fraction was used as CD4+

T cells. Purity of both populations was assessed by flow cytometry
and found to be above 97%. CD4+ and CD8+ T cells were then electro-
porated separately.

Transduction of Expanded T Cells

PBMCs were incubated for 2 days in a 24-well plates coated with CD3
and CD28 at 106 cells/mL. A 24-well plate was coated with 50 mg/mL
of retronectin during 3 h at room temperature (RT) before being
washed with PBS and blocked with a solution of 1 mg/mL of fetal
bovine serum (FBS) for 30 min. 1 mL of virus solution was deposited
in each well and topped with 500 mL of activated T cells at a concen-
tration of 0.3� 105 cells/mL. The plate was then incubated for 30 min
at 37�C, 5% CO2 for 30 min, sealed, and then spun down at 750 g,
32�C, during 60 min before being placed back in the incubator. The
same spinoculation step was repeated the following day before the
cells being collected, spun down, washed, and resuspended in com-
plete X-Vivo 15 medium for 2 days before the expression of the
TCR was checked and the cells expanded using the procedure
described above.

In Vitro Functional Assay, Antibodies, and Flow Cytometry

All antibodies were purchased from eBioscience (Thermo Fisher
Scientific), except where noted. TCR expression was determined as
follows: T cells were washed in 500 mL of FCS and spun down. The
supernatant was discarded, and the cells were incubated with 5 mL
of anti-CD3-fluorescein isothiocyanate (FITC) and/or anti-
CD34APC. The hTERT peptide, EARPALLTSRLRFIPK (amino
acid [aa] sequence 611–626) (sequence hTERT; GenBank:
AB085628), was synthesized by ProImmune (Oxford, UK). The
173-aa recombinant hTERT protein fragment (563–735) was ob-
tained from GenScript (Piscataway, NJ, USA). For cytokine produc-
tion assays, T cells were stimulated for 16 h with APCs and loaded
or not with 1 or 10 mM (as indicated) hTERT 611–626 peptide,
NY-ESO-1 157–170 peptide, or TGF-bRII frameshift peptide p621,
127–145,64 at an E:T ratio of 1:2 and in the presence of BD GolgiPlug
and BD GolgiStop at recommended concentrations. For CD107a
degranulation assays, PerCP-Cy5.5-labeled anti-CD107a antibody
(BD Biosciences, San José, CA, USA) was added from the start of
the coincubation and assessed after 6 h. For intracellular staining, cells
were stained using the PerFix-nc Kit, according to the manufacturer’s
instructions (Beckman Coulter, Brea, CA, USA). The following anti-
bodies were used: CD4-BV421 (BioLegend, San Diego, CA, USA);
CD8-phycoerythrin (PE)-Cy7, IFN-g-FITC, and TNF-a-PE (BD Bio-
sciences). For toxicity assays of Radium-4 TCR and mock-transfected
T cells against autologous PBMCs, the PBMCs were loaded with Cell-
Trace Violet (Molecular Probes, Eugene, OR, USA) to distinguish tar-
gets by gating, following the manufacturer’s instructions. The
following antibodies were used to assess reactivity: CD4-APC,
CD8-PE-Cy7, CD3-BV605 (BD Biosciences); IFN-g-FITC and
TNF-a-PE (BD Biosciences). Cells were acquired on a BD FACS-
Canto flow cytometer and the data analyzed using FlowJo software
(Tree Star, Ashland, OR, USA). To better exemplify cytokine
production and correct for T cell fitness variability, cytokine
production (U.A.) was calculated using the following formula:
f(x) = (((x-min(x)) � 100)/(max(x) � min(x))), where x represents
the percentage of cytokine-producing cells. In this case, max corre-
sponds to the maximum value obtained through the experiments
(phorbol 12-myristate 13-acetate [PMA]-ionomycin), and the mini-
mum (min) was the lowest value measured (mock T cells against
target without peptide loading).

For analysis of toxicity against purified hematopoietic cell lineages,
T cells were plated in duplicates with autologous CD19+ B cells,
CD3+ T, CD56+ natural killer (NK) cells, and CD14+ monocytes
from three healthy donor PBMCs, sorted with positive or negative
isolation kits (Dynabeads, Thermo Fisher Scientific), at E:T ratios
of 1:2, and then, CD107a expression by effector T cells was analyzed.

Mock or Radium-4 TCR-redirected T cells from two donors were
cocultured for 24 h with their respective PBMCs, loaded or not
with the hTERT 611–626 peptide at an E:T ratio of 1:2. Culture
supernatant was harvested, and the cytokine release was measured
using the BioplexPro Human Cytokine 17-plex Assay (Bio-Rad,
Hercules, CA, USA), according to the manufacturer’s instructions.
The analysis was performed on the Bio-Plex 200 system instrument
from Bio-Rad.

T Cell Phenotyping by CyTOF

Six million Radium-4 TCR T cells were cocultured or not with
ESTDAB-039 cells, loaded or not with hTERT peptide, at a 1:2 E:T
ratio for 24 h prior to the CyTOF experiment. Briefly, cells were
Molecular Therapy Vol. 29 No 3 March 2021 1209
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resuspended inMaxpar Cell Staining Buffer (Fluidigm, San Francisco,
CA, USA) in the presence of 1� cisplatin (Fluidigm) and incubated
for 5 min at RT. Cells were washed with PBS and incubated with
Fc receptor-blocking solution (aggregated gamma-globulin) for
10 min and then incubated with the antibody mix CD3, CD4, CD8,
CCR5, CXCR3, CD62L, CD27, CD44, LAG3, TIGIT, CD28, CD57,
CD25, CD161, NKG2D, CD137, HLA-DR, CTLA4, TIM3, PD1,
and CD45 (Fluidigm) for 30 min at RT. Samples were washed twice
with PBS, fixed with 4% of paraformaldehyde, and permeabilized
with methanol for 1 h. After two washes in PBS, cells were
resuspended in PBS containing 1� intercalator (Ir) (Fluidigm) and
incubated for 20 min at RT. Following one wash in PBS, cells were
pelleted until ready to run in CyTOF. Prior to sample acquisition, cells
were resuspended in water with 10% of calibration beads and filtered
before being injected into the CyTOF 2 machine (Fluidigm). Analysis
was performed using Cytobank- (https://www.cytobank.org/).
Typical gating strategy was applied as follows: (1) EQ-140 versus
EQ-120 to exclude calibration beads; (2) event length versus Ir-191
to gate singlets; (3) cisplatin versus CD45 to gate live T cells. Gated
events were then run using the viSNE algorithm with the following
parameters: 1,000 iterations, 70 perplexity, 0.5 theta.

Annexin V-Based Cytotoxicity Assay

104 tumor cells (EBV-LCL, ESTDAB-1000, patient ascites cells) or
2 � 103 tumor cells (HM8, MM369, MM382, and K562; preloaded
or not with hTERT 611–626 peptide) were incubated in a 96-well,
flat-bottomed plate (previously coated with Cell-Tak [Corning,
New York, NY, USA] for patient ascites cells and K562 cells) in
200 mL of complete RPMI-1640 medium for 24 to 48 h at 37�C, 5%
CO2. The plate was then centrifuged at 100 � g for 1 min, and
100 mL of the supernatant was discarded. 50 mL of a 1:200 solution
of Annexin V red (Essen Biosciences, Ann Arbor, MI, USA), diluted
in complete RPMI 1640, was added in each well, and the plate was
consecutively incubated at 37�C, 5%CO2, during 15 min. Effector
cells (Radium-4 transduced or transfected in primary T cells, patient
T cell clone, or mock T cells), previously washed and resuspended in
complete RPMI-1640 medium, were introduced in each well at a final
concentration of 5 � 104 cells/mL (100 mL/well). The plate was then
put into an Incucyte S3 (Essen Bioscience, Newark, UK) with the
following settings: 12 images/day, 4 images/well, 2 channels (phase
and red). Analysis of cytotoxicity was performed using Incucyte soft-
ware. Metrics were then extracted and corrected using Igor Pro 8.1
(Wavemetrics, Portland, OR, USA).

BLI-Based Cytotoxicity Assay

Luciferase-expressing tumor cells were counted and resuspended at a
concentration of 3 � 105 cells/mL. Cells were given D-luciferin
(75 mg/mL; PerkinElmer, Waltham, MA, USA) and were placed in
96-well, white round-bottomed plates as 100 mL cells/well in tripli-
cates. Effector T cells were added at a 20:1 E:T ratio unless stated
otherwise. In order to determine spontaneous and maximal killing,
wells with target cells only or with target cells in 1% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA) were seeded. Cells were left at
37�C, and the BLI was measured with a luminometer (VICTORMul-
1210 Molecular Therapy Vol. 29 No 3 March 2021
tilabel Plate Reader; PerkinElmer) as relative light units (RLUs) at
indicated time points. Target cells incubated without any effector cells
were used to determine baseline spontaneous death RLU at each time
point. Triplicate wells were averaged, and lysis percentage was calcu-
lated using the following equation: % specific lysis = 100 � (sponta-
neous cell death RLU – sample RLU)/(spontaneous death RLU –

maximal killing RLU). Metrics were then corrected using Igor Pro
8.1 (Wavemetrics, USA). Sigmoid curves (no Hill equation) were
fitted for every set of points (using Igor Pro 8.1) as a guide for the
eye with standard deviation as weighting factor.

Multicellular Tumor Spheroid (MCTS) Formation

Wells of a 96-well plate were coated with 50 mL of a 1.5% solution of
agarose (Corning, New York, NY, USA) in PBS and left to poly-
merize during 60 min at RT. 1 � 103 HM8, MM369, MM382, EST-
DAB-1000, or K562 cells in 200 mL of complete RPMI 1640 was
then added per well. Plates were spun down for 15 min at
1,000 � g and incubated for 4 days at 37�C and 5% CO2. 50 mL
of a 1:200 solution of Annexin V Red (Essen Bioscience), diluted
in complete RPMI 1640, was added per well, and the plate was
consecutively incubated at 37�C, 5% CO2, for 15 min. Mock,
Radium-6 TCR, or Radium-4 TCR-transduced T cells previously
washed and resuspended in complete RPMI-1640 medium were
introduced in each well at a final concentration of 4 � 104 cells/
mL (100 mL/well). The plate was then put into an Incucyte S3 in-
strument with the same settings as described above.

Mouse Xenograft Studies

All mouse experiments were approved by the Norwegian Food Safety
Authority (approval ID8740). NSGmice were bred in-house under an
approved institutional animal care protocol. 6- to 8-week-old mice
were injected i.p. or s.c. with 106 ESTDAB-1000 tumor cells (n =
10) per condition, except medium condition, where n = 5. Tumor
growth was monitored by BLI imaging using the Xenogen Spectrum
system and Living Image version (v.)3.2 software (LI-COR Biosci-
ences, Lincoln, NE, USA). Anesthetized mice were injected i.p. with
150 mg/kg body weight of D-luciferin (PerkinElmer). Animals were
imaged 10 min after luciferin injection. For the transiently redirected
T cell experiment, tumor-bearing mice were randomized and injected
i.p. 7 times (at days 3, 5, 7, 9, 11, 14, and 16) with 107 mock cells or 107

Radium-4 TCR mRNA-transfected T cells or with medium.

For the transduced T cell i.p. experiment, tumor-bearing mice were
randomized and injected 4 times (at days 3, 5, 7, and 9) with 107

mock cells or 107 Radium-4 TCR-transduced T cells. For the trans-
duced T cell experiment, i.v. tumor-bearing mice were randomized
and injected 4 times (at days 3, 7, 9, and 10) with 107 mock cells,
107 Radium-6 TCR, or 107 Radium-4 TCR-transduced T cells.
Upon reaching humane endpoints, mice were sacrificed, and tumor,
mesenteric lymph nodes, and spleen tissues were harvested. Single-
cell suspension from isolated tissues was washed repeatedly, blocked
with 1 mg/mL of gamma-globulin (made in-house) at RT for 10 min,
and marked with anti-human CD3-PE-Cy7 (BD Biosciences). Cells
were acquired on a BD FACSCanto flow cytometer.

https://www.cytobank.org/
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CFU Assay

Bone marrow progenitor cells were preincubated with autologous
T cells for 6 h before the cells were plated in semisolid methylcellu-
lose medium, MethoCult (STEMCELL Technologies, Vancouver,
Canada), and left for 14 days at 37�C, 5% CO2, and >95% humidity.
With the use of a high-quality microscope, individual clusters of
cells (colonies) were easily identified. A 60-mm scoring grid was
at the bottom of each dish, and all colonies were counted and
divided into two groups: (1) CFU-erythroid (CFU-E) with erythro-
blasts and/or burst-forming erythroid units, red colonies, and (2)
CFU-granulocyte macrophages (GM), white colonies. Cell clusters
were not counted as colonies unless the number of visible cells
was >40.

Statistical Analysis

Statistics were made with multivariated bidirectional Student’s t test
(single comparison), 1-way ANOVA (multiple comparison), or
2-way ANOVA (multiple comparison with time progression), all
with Tukey correction. Mantel-Haenszel test was used as a log-rank
estimator for survival curves. All statistical analyses were performed
using GraphPad Prism (La Jolla, CA, USA).
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