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In vivo generated human CAR T cells eradicate tumor cells
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ABSTRACT
Chimeric antigen receptor (CAR) T cells are in prime focus of current research in cancer immunotherapy.
Facilitating CAR T cell generation is among the top goals. We have recently demonstrated direct in vivo
generation of human CD19-CAR T cells by targeting CD8+ cells using lentiviral vectors (LVs). The anti-
tumor potency of in vivo generated CAR T cells was assessed in human PBMC-transplanted NSG mice
carrying i.v. injected CD19+ Nalm-6 tumor cells. A single injection of CD8-targeted LV delivering CD19-CAR
was sufficient to completely eliminate the tumor cells from bone marrow and spleen, whereas control
animals contained high levels of CD19+ cells. Tumor elimination was due to in vivo generated CAR+ cells.
Notably, these were not only composed of T lymphocytes but also included CAR+ natural killer cells (NK
and NKT). This is the first demonstration of tumor elimination by in vivo generated human CAR T cells.
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Introduction

Genetic modification of T cells with chimeric antigen recep-
tors (CARs) recognizing surface antigens on tumor cells has
emerged as an effective therapeutic treatment for patients
with B cell hematological malignancies.1-4 Over 300 clinical
trials are ongoing worldwide, focusing on various aspects such
as improving CAR activity, expanding the approach to other
tumor entities and facilitating the complex manufacturing
process.5 By now, two products, namely Kymriah for pediatric
acute lymphoblastic leukemia (ALL) and Yescarta for adult
diffused large B-cell lymphomas (DLBCL), have received mar-
keting authorization.6

CARs recognize tumor antigens by single-chain variable
fragments (scFvs) displayed on a hinge domain. T cell activa-
tion is mediated by one or more intracellular signaling
domains, which usually include the CD3ζ chain domain.
Other co-stimulatory domains like CD28 and/or 4-1BB are
present in second- and third-generation CARs.7 CAR T cells
are individualized cell therapy products requiring extensive
and time-consuming manufacturing procedures. The process
can potentially be simplified by using T cell-targeted vectors,
which transfer the CAR coding sequence selectively into par-
ticular lymphocytes thus enabling direct in vivo CAR gene
delivery. Proof of principle for this approach in human and
mouse T lymphocytes has recently been published by our
group and others.8,9 We have demonstrated that human
CD19-CAR T cells can be generated directly in vivo using
the lentiviral vector CD8-LV which uses the human CD8α
chain as an entry receptor.10,11 CD8-LV specifically trans-
duced human CD8+ cells in both human peripheral blood
mononuclear cells (huPBMC) engrafted NOD-scid-IL2Rγnull

(NSG) mice and mice humanized with human CD34+

hematopoietic stem cells. In vivo CAR T cell generation was
accompanied by B lymphocyte elimination.8 Clear evidence
for tumor cell clearance by in vivo generated CAR T cells was
however missing.8 Here we report that in vivo generated
CD19-reactive CD8+ CAR T cells resulted in the complete
elimination of CD19+ Nalm-6 cells in vector-treated mice,
whereas in control animals CD19+ tumor cells expanded in
an uncontrolled way.

Material and methods

Vector production for in vivo CAR T cell generation

CD8-LV encoding the CD19-CAR was generated exactly as
described previously using transient transfection of HEK-
293T cells with plasmids pCAGGS-NiV-Gd34-CD8,
pCAGGS-NiV-Fd22, pCMVdR8.9, and pS-CD19-CAR-W.8

The functional activity of vector stocks was determined by
transducing Molt4.8 cells in serial fivefold dilutions. The
number of transduced cells was determined after 4 d by flow
cytometry to detect CD19-CAR surface expression via its myc
tag. Particle numbers in vector stocks were determined by
nanoparticle tracking analysis (Nanosight NS300, Malvern
Panalytical). For in vivo CAR T cell generation 2.5 × 1011

particles diluted in a total volume of 200 µl PBS were injected
into mice intravenously.

Cell culture

Human PBMC isolated from two donors were cultured in
RPMI 1640 medium (Biowest) supplemented with 10% fetal
bovine serum (FBS; Biochrom AG), 2 mM glutamine (Sigma-
Aldrich), 0.5% penicillin/streptomycin, 25 mM HEPES
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(Sigma-Aldrich) and 50 IU/ml IL-2 (Miltenyi Biotech). B cells
were depleted prior to activation by using anti-human CD19
microbeads (Miltenyi Biotech). For the activation of PBMC,
plates were coated with 1 µg/ml anti-human CD3 mAb (clone:
OKT3, Miltenyi Biotech) and 3 µg/ml anti-human CD28 mAb
(clone: 15E8, Miltenyi Biotech) were added to the cell culture
medium and incubated for 72 h at 37°C. Nalm-6 cells were
cultivated in RPMI 1640 medium supplemented with 10%
FBS and 2 mM glutamine. Their identity was confirmed by
genetic phenotyping performed by the German cell culture
collection (DSMZ).

Tumor mouse model

NSG mice (NOD.Cg.PrkdcscidIL2rgtmWjl/SzJ, Jackson
Laboratory) were intravenously (i.v.) injected with 1 × 105

Nalm-6-luc cells, which stably express firefly luciferase.12 Two
days prior to vector application, in vivo imaging (IVIS
Spectrum, Perkin Elmer) was performed to arrange animals
in two different groups based on luciferase signal intensities
for unbiased outcomes. A day later 5 × 106 activated human
PBMC from two donors were i.v. injected (mice 1–4 and 9–12
received PBMC from donor 1; the other eight mice received
PBMC from donor 2). On the next day, 2.5 × 1011 particles of
CD8-LV encoding CD19-CAR or PBS as control were i.v.
administered. PBS was chosen as control to exclude any
influence on tumor growth by the transplanted donor lym-
phocytes. To follow up tumor progression, IVIS imaging was
performed on days 4, 7, 12, 14 and 17 post-vector application.
For this purpose, mice were intraperitoneally injected with
D-luciferin (Perkin Elmer) at 150 µg/g body weight. Imaging
data were obtained 10 min after luciferin injection. Mice were
regularly checked for their health status and tumor load by
IVIS. They were sacrificed when termination criteria had been
reached.

Animal experiments were performed in accordance with
the regulations of the German animal protection law and the
respective European Union guidelines after having obtained
formal approval of the institutional and the national animal
care committee. Human blood was provided by anonymous
donors in accordance with the rules of the local ethics
committee.

Preparation of single-cell suspension and flow cytometry
analysis

Single-cell suspensions of spleen were obtained by mincing
the organ through a 70 µm cell mesh. Erythrocytes were lysed
by resuspending splenocytes in lysis buffer (BD Pharm Lyse™).
Bone marrow single-cell suspensions were obtained by flush-
ing the bones with a syringe containing RPMI medium. The
cell suspension was passed through a 70 µm cell mesh and
erythrocytes were lysed by resuspending cells in lysis buffer.
FACS analysis was performed by LSRII or Fortessa (BD
Bioscience) and data were analyzed using FACS Express V6
(De Novo Software) or FlowJo V10.1 (FlowJo). Antibodies
specific for the following antigens were used for FACS stain-
ing: CD45 (2D1, BV510, BioLegend), CD3 (BW264/56,
PerCP, Miltenyi Biotec), CD4 (RPA-T4, PE-CF594, BD),

CD8 (BW135/80, FITC, Miltenyi Biotec), CD62L (DREG-56,
BV605, BioLegend), CD45RA (HI100, BV421, BioLegend),
CD19 (HIB19, AlexaFluor700, Thermo Fisher Scientific),
myc-tag on the CD19-CAR (9B11, PE, Cell Signaling
Technology) PD-1 (PD1.3.1.3, PE-Vio770, Miltenyi Biotec)
Tim-3 (REA635, APC, Miltenyi Biotec), Lag-3 (REA351,
VioBlue, Miltenyi Biotec) and CD56 (B159, AlexaFluor700,
BD Bioscience). To determine the viability, the LIVE/DEAD
Fixable Dead cell stain kit (eFluor 780, Thermo Fisher
Scientific) was used.

Statistical analysis

Data were analyzed using the GraphPad Prism 7 software
(Graph-Pad Software, USA). Statistical differences were assessed
as indicated by using an unpaired t-test and two-way ANOVA
test. Differences were considered significant at p < 0.05.

Results and discussion

In our previous study on in vivo generated CAR T cells, CD19+

Raji cells had been injected intraperitoneally as CAR T cell
target. In this mouse model, Raji cells did not efficiently spread
to spleen, blood and bone marrow due to intraperitoneal injec-
tion and it was not possible to easily distinguish them from the
B lymphocytes.8 In order to assess the anti-tumoral efficacy of
in vivo generated CAR T cells, NSG mice transplanted systemi-
cally with Raji-luc cells were initially evaluated for the activity of
CD8-LV delivering the CD19-CAR. While CAR T cells became
readily detectable, there was no significant reduction in tumor
burden detectable, with the exception of a tendency for reduced
tumor cell load in the bone marrow of some mice.13 We next
tested the anti-tumoral function of in vivo generated CAR T cells
in the context of luciferase-encoding Nalm-6 tumor cells, which
are often assessed in CAR T preclinical studies.14,15 Four days
after i.v. injection of luciferase-encoding Nalm-6 cells into NSG
mice, the animals were distributed to two groups based on the
luciferase intensities measured by IVIS. After another day, acti-
vated human PBMC were i.v. injected, followed by i.v. adminis-
tration of CD8-LV or PBS (control group) a day later (Figure 1
(a)). At day 14 after vector injection, 4 out of 8 mice in the
vector-treated group displayed complete tumor remission when
analyzed by IVIS (Figure 1(b)). One mouse (#9), sacrificed
on day 14, exhibited a stable signal compared to day 7 (Figure
1(b)). Three further mice reached complete tumor remission
at day 17. Mouse #15 showed an isolated low luciferase signal
in the right hind leg (Figure 1(b)). However, also in this mouse,
the tumor burdenwas substantially reduced (about 12-fold) after
vector application. In the control group, none of the mice
showed any reduction in luciferase signals thus exhibiting a
steady increase in tumor load over time (Figure 1(b,c)).
Overall, statistically significant tumor remission was evident
already by day 12 and became more pronounced by day 14
and 17 when comparing the total flux between the PBS-treated
and vector-treated mice (Figure 1(c)).

At the cellular level, the tumor burden was quantified
during final analysis based on high CD19 and low CD45
expression (Fig. S1). The reduction of CD19 positive cells in
the vector-treated animals was well in agreement with the
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tumor burden quantified by IVIS measurements (Figure 2(a)).
For mouse #9 a low frequency of tumor cells was detectable in
bone marrow (2.69%), while in mouse #15 tumor burden in
all analyzed organs was too low to be detected. In none of the
other vector-treated animals CD19+ cells were detectable,
neither in bone marrow, nor in spleen or blood, while the
control group contained high levels of tumor cells especially
in bone marrow and spleen (Figure 2(a)). Between 5% and
12% of human CD3+CD8+ cells isolated from bone marrow,
spleen and blood were CAR-positive on day 14 of analysis
(Figure 2(b)). No CAR+ cells were detected in the CD8−

population thereby confirming the high selectivity of the
vector. Interestingly, CAR levels were significantly lower in
bone marrow and spleen at day 18 compared to day 14, which
may be due to reduced CAR T cell proliferation after tumor

cell clearance. This was further supported by the fact that the
two mice with residual tumor (#9 and #15) contained by far
higher CAR T cell levels than the tumor-free mice, especially
in spleen and blood (Figure 2(b), labeled by arrowheads).
These results clearly demonstrate the anti-tumoral potency
of the in vivo generated CAR T cells.

Approaches to optimize the conventional CAR T cell pro-
duct currently focus on the identification of conditions that
favor the enrichment of specific T cell phenotypes such as
central memory T cells (TCM) or effector memory T cells
(TEM) in order to obtain a product exhibiting long-lasting anti-
tumor efficacy.16-18 Since most of the anti-tumoral activities
take place in the bone marrow we evaluated the phenotype of
in vivo generated CAR T cells in bone marrow based on
CD45RA and CD62L expression. In vivo generated CD8-
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Figure 1. Tumor load over time.
(a) Experimental layout. 1 × 105 Nalm-6-Luc tumor cells were intravenously (i.v.) injected into NSG mice. Five days later 5 × 106 activated human PBMC from two
donors (Donor 1 and Donor 2) were i.v. administered and finally, another day later mice were i.v. injected with either 2.5 × 1011 particles of CD8-LV encoding CD19-
CAR or PBS. (b) Luciferase imaging. Ventral view of all mice included in the experiment recorded at the indicated time points after control (PBS) or vector (CD8-LV)
administration. X in the day 17 panel indicates mice sacrificed at day 14. (c) Tumor load over time. Kinetics of quantified luciferase signals over time is shown as
logarithm of the total flux (p/sec). The dotted line indicates the time point of vector administration. Data represent mean ± SEM for all groups (PBS, n = 8; CD8-LV,
n = 8). Statistical significance was determined using two-way ANOVA.
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Figure 2. Tumor load and CAR expression at the cellular level.
Analysis of cells in CD8-LV (black symbols) and PBS (gray symbols) injected animals were evaluated by flow cytometry. Representative density plots are shown for bone
marrow cells for one mouse from each group sacrificed at day 14. The gating strategies are represented in Fig. S1. Cells isolated from bone marrow, spleen and blood
were evaluated by flow cytometry for the percentage of (a) CD19+ tumor cells within the fraction of human CD45+ cells and (b) CAR+ cells in the CD3+CD8+ population
at 14 and 18 days post-vector administration. Donor 1 and donor 2 are represented as open and filled circles, respectively. Black arrowheads point to values obtained for
mouse #9 at day 14 and mouse #15 at day 18. Data represent mean ± SEM for all groups. Statistical significance was determined using multiple t-test.
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Figure 3. Memory and exhaustion phenotype.
(a) Graphic representation of memory T cell phenotypes in CD8+CAR− fractions in control (PBS) and CD8+CAR+ fraction in vector (CD8-LV) treated mice at 18 d post-
vector administration from two donors (D1 and D2) are shown. Cells isolated from the bone marrow were evaluated by flow cytometry for the percentage of (b)
memory phenotype TSCM/Naïve, Teff, TEM and TCM, and (c) inhibitory receptors PD-1, Tim-3 and Lag-3 within the CD3+CD8+ fraction in mice treated with PBS (PBS CAR−;
gray circles) or CD8-LV (CD8-LV CAR−; black circles and CD8-LV CAR+; black triangles). Donor 1 and donor 2 are represented as open and filled circles/triangles,
respectively. Data represent mean ± SEM for all groups. Statistical significance was determined using two-way ANOVA. (d) Graphic representation of inhibitory
receptor expression in CD8+CAR− fraction in control (PBS) and CD8+CAR+ fraction in vector (CD8-LV) treated mice analyzed at 14 and 18 d post-vector administration.
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targeted CAR T cells displayed predominantly effector T cell
(Teff) or effector memory T cell (TEM) phenotype in a donor-
dependent manner (Figure 3(a)). In donor 1, there were sub-
stantially more TEM cells in the vector-treated animals than in
the control animals (Figure 3(a–b)). Animals transplanted with
donor 2 cells, in contrast, showed similar high levels of Teff cells
in both groups. Irrespective of the differences in the phenotypes,
CAR T cells from both donors had efficiently cleared the tumor.
These results suggest that in vivo generated effector CAR TEM

and Teff cells are equally potent in clearing tumor cells. This is
well in line with ex vivo generated CAR T cells engrafted into
NSG/Nalm6mice exhibiting mainly Teff phenotype.

19 Repetitive
antigen stimulation often drives CAR T cells into an exhaustion
phenotype thereby losing their anti-tumor potency.20 PD-1
expression on CD8+ T cells ranged between 85% and 95% in
the control groups at day 14 (Figure 3(c)). This high level was
likely due to ex vivo plate-bound activation of the engrafted
PBMC. Yet, PD-1 expression was even higher in the vector-

treated animals, in CD8+CAR− as well as CD8+CAR+ popula-
tions. This effect was especially pronounced on day 14 thus
being well in line with this day showing the main anti-tumoral
activity. For Lag-3 and Tim-3, there were no significant differ-
ences between the control and the vector-treated mice (Figure 3
(c)). At day 18, however, the vector-treated group displayed an
increased dual expression of Lag-3 and Tim-3 compared to the
control mice (Figure 3(d)). While these data demonstrate acti-
vation-induced exhaustion of the CAR T cells, it has to be kept
in mind that exhaustion in this mouse model is strongly influ-
enced by the xenogeneic activation of the human T cells. Final
conclusions about the exhaustion of in vivo generated CAR
T cells will require studies in syngeneic settings.

Apart from T cells, CD8α is expressed on natural killer
cells (NK), natural killer T cells (NKT), dendritic cells (DCs)
and macrophages. During ex vivo activation, macrophages
and DCs were eliminated from the PBMC due to applied
cultivation conditions. Therefore, we evaluated CAR
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Figure 4. CAR expression on NK and NKT cells.
Cells isolated from the bone marrow of CD8-LV (black symbols) or PBS (gray symbols) injected animals were evaluated by flow cytometry. Frequencies of CAR+ cells
within T cells (a), NKT cells (b), NK cells (c) and their percentage of total CD8 cells (d–f) are shown. (a–c) Exemplary density plots showing different populations in the
bone marrow cells of two representative mice at day 14 post-vector administration. The gating strategy is represented in Fig. S2. (d–f) Frequencies of individual
populations are calculated as count of individual cell populations normalized to total CD8 cell count. Percentages of (d) CD3+CD56− T cells and T cell-derived CAR+

cells, (e) CD3+CD56+(NKT cells) and NKT-derived CAR+ cells as well as (f) CD3−CD56+ (NK cells) and NK-derived CAR+ cells at 14 and 18 d post-vector administration
are shown. Donor 1 and donor 2 are represented as open and filled circles, respectively. Data represent mean ± SEM for all groups. Statistical significance was
determined using multiple t-test.
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expression in NK and NKT cells present in the animals.
Remarkably, we observed CAR expression on CD56+CD8+

cells in both CD3+ (NKT cells) and CD3− (NK cells) frac-
tions, on day 14 and day 18 in bone marrow (Figure 4(b,c)).
Their frequencies decreased from day 14 to day 18 (Figure 4
(e,f)). This correlated well with the decrease in CD19+ cells
and reflects what was observed for CAR T cells (Figure 4
(d)). Overall, substantially higher frequencies of CD8+ NK
and NKT cells were observed in the vector-treated groups
compared to the control groups at day 14. Interestingly,
CAR+ NKT and NK cells were also detected in spleen
at day 14 (Fig. S3). Hence suggesting that all types of
CAR+ cells induced by CD8-LV had proliferated through
antigen stimulation.

In this study, we provide the first evidence for anti-tumoral
activity mediated by in vivo generated human CAR T cells. Such
CAR T cells were able to completely eliminate CD19+ Nalm-6
tumor cells in T cell transplanted NSG mice, a model frequently
applied in the preclinical assessment of CAR T cells. While the
activity against Nalm-6 cells was impressive, our approach failed
in a similar mousemodel with Raji tumor cells, 13 possibly due to
their more aggressive and rapid disseminating nature. The ques-
tion if in vivo generated CAR T cells could be as effective as ex
vivo generated CAR T cells will have to be further investigated.
Standardizing the dose of the administered vector particles ver-
sus the number of injected CAR T cells will be a particular
challenge in such experiments. Beyond that, further preclinical
testing, especially in large animal models, will be required to
move this approach further toward translation.

An unexpected outcome of our study was the detection of
CAR-positive NK and NKT cells in vector-injected mice. Due
to their expression of the CD8α chain, which is the target
antigen of the displayed single-chain antibody on the vector
particles, these cells were on-target transductions. However,
since NK cells are much harder to transduce ex vivo than
T lymphocytes, their in vivo generation was unexpected.
Although they made up only 1-2% of all CAR+ cells at the
given time point, the presence of NK and NKT cells in the
bone marrow at the site of tumor cell expansion, especially in
the vector-treated group, suggests that they likely contributed
to tumor cell clearance. Thus, CD8α-chain targeted LVs pro-
vide the potential of generating both, CAR+ T cells and NK
cells, directly in vivo upon systemic administration. Since
Her2-CAR expressing NK cells have been shown to induce
T cell immunity against cancer cells in syngeneic mouse
tumor models, the generation of CAR-NK cells could be
another advantage of the in vivo approach used here.21
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