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T cells modified with CD19-specific chimeric antigen receptors
(CARs) result in significant clinical benefit for leukemia pa-
tients but constitute a challenge for manufacturing. We have
recently demonstrated the in vivo generation of CD19-CAR
T cells using the CD8-targeted lentiviral vector (CD8-LV). In
this study, we investigated the in vivo generation of CD4+

CAR T cells using CD4-targeted LV (CD4-LV). Administration
of CD4-LV into NSGmice transplanted with human peripheral
blood mononuclear cells (PBMCs) led to 40%–60% of human
CD4+ lymphocytes being CAR positive while CD8+ cells re-
mained CAR negative. CAR+ T cells displayed a T helper 1
(Th1)/Th2 phenotype, which was accompanied by CD19+ B
cell elimination. Intravenous administration of CD4-LV into
NSG mice reconstituted with human CD34+ cells induced
CAR expression and B cell elimination within 2–3 weeks
post-injection. Preclinical analysis in a tumor mouse model
revealed that mice administered CD4-LV exhibited faster and
superior tumor cell killing compared to mice injected with
CD8-LV alone or as a mixture with CD4-LV. Further analysis
suggests that CD4+CAR+ cells may outperform CD8+CAR+

cells, especially at a high burden of target antigen, mainly since
CD8 cells are more prone to exhaustion. This first description
of in vivo-generated CD4+ CAR T cells supports their impor-
tance for cellular therapy.

INTRODUCTION
In recent years cellular immunotherapy using T cells armed with
chimeric antigen receptors (CARs) has proven to be an effective
therapeutic remedy for patients with B cell hematological malig-
nancies.1–3 CARs are composed of an extracellular binding domain,
a hinge region, a transmembrane domain, and one or more intracel-
lular signaling domains.4 There has been an exponential increase in
CAR T cell trials with more than 300 ongoing world-wide trials
focusing on different aspects such as CAR activity, applying the
approach to different tumor types and simplifying the complex pro-
cess for manufacturing.5 With the approval of Yescarta and Kymriah
by the US Food and Drug Administration (FDA) and EuropeanMed-
icines Agency (EMA), two products have reached the market.

CAR T cells are individualized cell therapy products and thus require
extensive and time-consumingmanufacturing procedures. Our group
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has started to explore the possibility of generating human CD19-CAR
T cells directly in vivo upon the administration of receptor-targeted
lentiviral vectors (LVs) that recognize distinct surface markers on
target cells for entry.6 Surface markers on human lymphocytes have
been given special attention.7 As the primary effector cells, due to
their cytotoxic capabilities, CD8+ CAR T cells have been in focus
for most of the CAR T studies conducted so far. Recently, we have
demonstrated the in vivo generation of human CD19-CAR T cells
with CD8-targeted LV (CD8-LV).8 This vector uses the human
CD8a chain as entry receptor, thus selectively delivering the CAR
gene into CD8+ cells. The in vivo-generated CD8+ CAR T cells elim-
inated CD19+ tumor cells in human peripheral blood mononuclear
cell (huPBMC)-transplanted NSG mice.9 In humanized NSG mice
reconstituted with human hematopoietic stem cells, CAR T cell gen-
eration was slower but accompanied by B lymphocyte elimination, re-
sulting in symptoms reminiscent of a cytokine-release syndrome
(CRS) in some mice.8

CD4 T cells are known for their helper function and to intrinsically
evoke cytolytic activities by enhancing CD8 T cell activity via cytokine
production.10 However, there have also been reports illustrating a
direct cytotoxic activity of CD4 T cells in mediating anti-tumoral ac-
tivity.11–13 Consequently, upon the successful in vivo generation of
human CD8+ CAR T cells, we explored the feasibility of targeting
the CAR gene to the CD4 subtype with our lentiviral approach. In
this study, we demonstrate the in vivo generation of CD19-CAR
T cells selectively in CD4+ cells by using the CD4-targeted LV
(CD4-LV).14 Surprisingly, humanized NSG mice administered with
CD4-LV displayed a fast kinetic of human CAR T cell generation.
These CD4+ CAR T cells substantially reduced or even completely
eliminated CD19+ cells. In the anti-tumor model, mice administered
with CD4-LV displayed a faster kinetic and were superior in clearing
tumor cells compared to mice administered with CD8-LV or a
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mixture of the two vector types. The data suggest that CD4+ CAR
T cells are highly relevant for in vivo CAR T cell generation.

RESULTS
To evaluate in vivo CAR gene delivery into CD4+ lymphocytes,
CD19-CAR(CD3z) was packaged into CD4-LV, and as a control
into CD8-LV (Figure 1A). PBMCs transduced with the vector ex-
pressed the CAR selectively in CD4+ cells (Figure 1B), as described
recently for a 4-1BB CD19-CAR.15 These CAR T cells killed CD19+

but not CD19� cells in a ratio-dependent manner (Figure 1B). Cyto-
lytic activity was accompanied by increased interferon (IFN)-g
release (Figure 1B). To further explore any cytotoxic differences be-
tween CD4+ and CD8+ subtypes, we generated three groups of
CAR T cells by transduction of PBMCs with CD4-LV, CD8-LV, or
a 1:1 mixture (MIX) of both vector types. All groups contained similar
amounts of CAR T cells (Figure S1). The cells were then cocultured
with Nalm-6 cells at effector-to-target (E:T) ratios of 1:1 (low tumor
burden) or 1:10 (high tumor burden) (Figure 1C). In the low tumor
burden setup, all of these CAR T cells effectively controlled target cells
(Figure 1E). The MIX group displayed a rapid increase in CAR T cell
numbers, resulting in the lowest target cell numbers, in contrast to
CAR T cells that had been generated with CD4-LV alone (Figures
1D and 1E). Notably, at high tumor burden, a tendency for a higher
activity of CAR T cells generated with CD4-LV compared to those
generated with CD8-LV or MIX was observed as determined by the
level of tumor cells and the increase in CAR T cells (Figures 1D
and 1E). Their cytolytic activity was assessed by upregulation of the
degranulation marker CD107a. Notably, CAR T cells generated
with CD4-LV displayed similar CD107a expression compared to
CAR T cells generated with CD8-LV or MIX (Figure S2A). Activa-
tion-induced T cell exhaustion has been considered as one of the
mechanisms for the lack of CAR T cells persistent in cellular ther-
apy.16 To test this hypothesis, we analyzed the inhibitory receptor
expression on both of the subsets under the different tumor load
setup. Indeed, at the high tumor burden we observed the highest
dual expression of Tim-3 and Lag-3 on CD8+ CAR T cells (Fig-
ure S2B). Additionally, Tim-3 and Lag-3 were readily upregulated
on the CD8 subsets already after 3 days of activation in the absence
of CAR gene delivery and tumor cells (Figure S3). From this experi-
mental setup, we can hypothesize that CD4+CAR+ cells may outper-
form CD8+CAR+ cells especially under highly activating conditions
such as a high tumor burden, since they are then less prone to
exhaustion.

To assess the potential of CD4-LV for in vivo generation of CAR
T cells, NOD (non-obese diabetic)-SCID (severe combined immuno-
deficiency)-interleukin 2Rgnull (IL2Rgnull) (NSG) mice were trans-
planted with activated huPBMCs and a day later vector particles
were intraperitoneally (i.p.) administered (Figure 2A). Seven days af-
ter vector administration, CD4+ T cells had substantially increased in
the peritoneal cavity of vector- over control-injected mice. Also in
spleen and blood, CD4+ T cells were slightly increased (Figure 2B).
Remarkably, 30%–65% of these cells isolated from the peritoneum,
spleen, and blood of the vector group were CAR+ (Figure 2C). CAR
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expression was only detected in the CD4+ population, thus confirm-
ing the high selectivity of the vector (Figure 2C). Remarkably, all of
the mice that had received CD4-LV lacked CD19+ cells in the
peritoneum, spleen, and blood (Figure 2D). Furthermore, upon char-
acterization of the CD4 phenotype based on Tbet, Gata-3, retinoic
acid-related orphan receptor (ROR)gt, and FoxP3 expression in the
peritoneal cavity, we determined that CD4+CAR+ cells consisted of
31%–55% Th1, 26%–50% Th2, 11%–31% Th17, and 0.15%–0.25%
of regulatory T cell (Treg) phenotype, whereas the control groups
contained 26%–38% Th1, 44%–53% Th2, 15%–20% Th17, and
1%–1.5% Tregs (Figure 2E; Table S1). Thus, there was an increase
in Th1 phenotype upon transduction with CD4-LV compared to
the control mice. These data illustrate that human CD4+ CD19-
CAR T cells can be generated in vivo by using CD4-targeted LVs.
Notably, these CAR T cells expanded in presence of antigen stimula-
tion and were potent in eliminating CD19+ cells.

To investigate the functional competence of CD4+CAR+ cells
compared to CD8+CAR+ cells, NSG mice were transplanted with
CD19+ luciferase-encoding Nalm-6 cells. Five days later mice were
allocated to four different groups based on the luciferase intensities
measured by an in vivo imaging system (IVIS) for bioluminescence
imaging (BLI) followed by injection of activated huPBMCs. One day
later, mice were injected intravenously (i.v.) with CD4-LV, CD8-LV,
or MIX (Figure 3A). At day 13, three out of seven mice in the CD4-
LV vector-treated group displayed near complete tumor remission,
withweak luminescence signals remaining in the forelimbs only, while
strong luciferase signals were observed in the remaining three groups
(Figure 3B). The remaining four mice treated with CD4-LV and two
out of four mice in the MIX group reached almost complete tumor
remission by day 20. In the CD8-LV-treated mice reduced luciferase
signals were detected compared to the control-treated mice. Statisti-
cally significant tumor remission was observed already by day 13 for
the CD4-LV-treated group, and for the other vector groups by day
20 compared to the control (Figure 3C). Thus, mice treated with
CD4-LV exhibited a faster kinetics in anti-tumoral activities
compared to the groups having received CD8-LV or MIX.

At the cellular level, all vector-injected animals exhibited increased
levels of human CD3+ lymphocytes in blood, spleen, and bone
marrow as compared to the control group. Especially in blood, levels
further increased from day 14 to 21 (Figure 4A). CAR T cell levels on
day 21 were highest in blood of the MIX group, reaching in some
particular animals more than 40% CD4+ and also CD8+ CAR
T cells (Figures 4B and 4C). In bone marrow, the highest levels of
CAR T cells were present in the CD4-LV-treated group at day 14 (Fig-
ure 4B). By day 21, CAR+ T cell levels in these mice had decreased,
which correlated well to the decrease in tumor load. In the MIX
and CD8-LV groups, in contrast, CAR+ T cell levels increased from
day 14 to day 21, indicating that these animals had not yet reached
themaximal anti-tumoral response (Figures 4B and 4C).With respect
to tumor cell levels, CD4-LV treatment resulted in complete elimina-
tion of CD19+ cells in bone marrow of the hindlimbs already by day
14, which is well in agreement with the reduced luciferase imaging



Figure 1. In Vitro CAR Delivery by CD4-LV

(A) Graphical representation of the CD19-CAR packaged into CD4-LV. (B) Transduction of human PBMCs with CD4-LV results in exclusive expression of the CAR in CD4+

cells (left panel). CFSE-labeled Nalm-6 and J76 cells were cocultured with transduced or untransduced activated PBMCs at different effector-to-target (E:T) ratios for 24 h

(center panel). CFSE+ viable cells were determined by FACS. IFN-g concentration was determined using ELISA (right panel). (C) Graphical representation of in vitro repetitive

killing assay with low and high tumor burden. Nalm-6 cells were cocultured with CD4+ or CD8+ or CD4+CD8+ (MIX) CAR T cells at E:T ratios of 1:1 and 1:10 and rechallenged

with a double amount of tumor cells every alternate day. (D and E) The number of CAR+ cells (D) and tumor cells (E) are enumerated at the denoted time points. Data represent

mean ± SEM for all groups; n = 3 of two independent experiments. Statistical significance was determined using two-way ANOVA with Turkey’s multiple comparisons test.

**p < 0.01, ***p < 0.001, ****p < 0.0001, comparing different groups to CD4-LV; ++++p < 0.0001, comparing transduced + Nalm-6 cells to transduced + J76 cells. ns, not

significant.
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Figure 2. In Vivo Generation of CD4+ CD19-CAR T Cells in PBMC-Transplanted Mice

(A) Experimental layout. 1 � 107 ex vivo-activated human PBMCs were intraperitoneally (i.p.) injected into naive NSG mice. One day later, the mice were i.p. injected with

either PBS (control) or 4� 1010 particles of CD4-LV encoding for CD19-CAR. Seven days later, mice were sacrificed and organs were harvested. (B–D) Cells isolated from the

peritoneal cavity, spleen, and blood were evaluated by flow cytometry for the percentage of CD4+ cells in the CD3+ population (B), CAR+ cells within the CD4+CD3+ and

CD4�CD3+ fraction (C), and CD19+ cells within the fraction of human CD45+ cells (D). Representative density plots are shown for cells from the peritoneal cavity. Data

represent mean ± SEM for all groups. n = 4 in control group; n = 5 in CD4-LV group. *p < 0.05, ****p < 0.0001, by an unpaired t test. ns, not significant. (E) Cells isolated from

the peritoneal cavity were stained for Tbet, Gata-3, RORgt, and FoxP3 to determine the T cell phenotypes in the indicated cell populations of control and vector groups. Data

were adjusted to a total of 100%.
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Figure 3. Anti-tumoral Activity of In Vivo-Generated CAR T Cells

(A) Experimental layout. 1� 105 Nalm6-Luc tumor cells were i.v. injected into NSGmice. Five days later, 5� 106 activated human PBMCs were i.v. administered, and finally a

day later the mice were i.v. injected with either PBS (control), or 1� 1011 particles of CD4-LV, or 2.5� 1011 particles of CD8-LV, or 5� 1010 particles of CD4-LV and 1.25�
1011 particles of CD8-LV (MIX) encoding for CD19-CAR. 14 and 21 days later mice were sacrificed and organs were harvested. (B) Ventral view of all mice included in the

experiment recorded at the indicated time points after PBS (control) or vector (CD4-LV, CD8-LV, MIX) administration. Each column represents the bioluminescence imaging

(BLI) development of one individual mouse over time. Mice sacrificed at day 14 are indicated by “X” in the day 20 panel. (C) Kinetics of quantified luciferase signals over time is

shown as logarithm of the total flux (photons [p]/s). The dotted line indicates the time point of vector administration. Data represent mean ± SEM for all groups (control, n = 6;

CD4-LV, n = 7; CD8-LV, n = 6; MIX, n = 7). Statistical significance was determined using a two-way ANOVA with Turkey’s multiple comparisons test. ****p < 0.0001,

comparing different groups to control; ++++p < 0.0001, comparing CD8-LV to CD4-LV; #p < 0.05, comparing MIX to CD4-LV.
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data monitored on day 13 (Figures 3B and 4D). Tumor cells having
lost CD19 expression were not detected (Figure S5). For the CD8-
LV and the MIX groups, a significant reduction of CD19+ cells in
bone marrow was documented from day 14 to day 21, while in the
same period a substantial increase occurred in the control group
(Figure 4D).

To further evaluate the in vivo generation of CAR T cells, humanized
mice transplanted with human CD34+ hematopoietic stem cells were
injected with CD4-LV or MIX. Prior to vector administration the
mice received IL-7 to promote T cell activation, thus facilitating len-
tiviral transduction (Figure 5A). To follow the kinetics of CAR T cell
generation, blood was regularly drawn from these mice. Surprisingly,
within the second week after CD4-LV administration, mouse #7 dis-
played 71% CAR+ cells within the CD4+ lymphocytes in blood (Fig-
ure 5B). Six mice showed 2%–12% CAR+ T cells in blood in the third
week after vector injection, whereas mouse #6 contained 0.4% (Fig-
ure 5B). In the MIX group, two mice showed similarly high CAR
Molecular Therapy Vol. 28 No 8 August 2020 1787
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Figure 4. Anti-tumoral Activity at the Cellular Level

(A–D) Cells isolated from the bone marrow, spleen, and

blood were evaluated by flow cytometry for the percent-

age of human CD3+ within the total cells (A), CAR+ cells in

the CD4+CD3+ (B) and the CD8+CD3+ fractions (C), and

CD19+ cells within total cells (D) at 14 and 21 days after

vector administration. The gating strategy is represented

in Figure S4. Data represents mean ± SEM for all groups

(control, n = 6; CD4-LV, n = 7; CD8-LV, n = 6; MIX, n = 7).

Statistical significance was determined using a two-way

ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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T cell levels in the CD4+ population (3%–12%) within the third week,
and one of the two remaining mice displayed 2% CAR expression in
the fifth week. While the CD4+CAR+ T cells decreased soon after
reaching their maximum in the CD4-LV group, they appeared to
remain constant in the MIX group (Figure 5B). 10%–28% of CD8+

CAR T cell levels were observed in three out of four mice in the
MIX group within the fifth week, whereas no CAR+ levels were de-
tected in the CD8+ population of mice injected with CD4-LV, thus
confirming the high selectivity of the vector (Figure 5C). A strong
decrease in CD19+ cell levels, reaching more than 100-fold in some
animals, was observed in all mice displaying decent CAR+ T cell levels
(Figure 5D). The only animal exhibiting no significant CD19+ cell
reduction over the control group was mouse #4 of the MIX group,
which exhibited the lowest CAR T cell levels of all vector-treated an-
imals. Animal #7, which displayed 71% CAR signals in blood, had to
be sacrificed about 2 weeks after vector administration due to weight
loss, ruffled fur, and hunched posture. The remaining mice developed
similar symptoms over time and were sacrificed within 6 weeks after
vector administration.
1788 Molecular Therapy Vol. 28 No 8 August 2020
At final analysis, mice administeredCD4-LV dis-
played CAR+ T cells exclusively in the CD4+ frac-
tions of blood, spleen, and bone marrow (Fig-
ure 6A; Figure S6). The MIX group, in contrast,
displayed CAR+ T cells in both the CD4+ and
the CD8+ fraction (Figure 6A; Figure S6). Most
CAR T cells were present in blood followed by
bone marrow and spleen. Because the fluores-
cence-activated cell sorting (FACS) signals for
CAR expression in bone marrow and spleen
were relatively weak, we performed cocultivation
assays and qPCR to confirm the presence of CAR
Tcells.After cocultivating splenic cells from these
mice with irradiated Raji cells, CAR T cells
expanded in samples derived from the CD4-LV
group and the MIX group, while splenic cells
from control animals did not give rise to any
CAR+ cells (Figure 6B). Notably, samples from
animals injected with CD4-LV gave rise to
CD4+ CAR T cells only, while samples from the
MIX group also contained CD8+ CAR T cells.
This confirmed the high level of selectivity in
gene delivery reached with CD4-LV. The qPCR performed on genomic
DNA isolated frombonemarrowconfirmed the presence ofCARTcells
in the CD4-LV and the MIX groups (Figure 6C). The only exceptions
were one mouse from the CD4-LV (#22) and another one from the
MIX group (#4). The absence of CAR T cells in mouse #4 thus is well
in line with the absence of B cell ablation in this animal.

To determine the activity of in-vivo-generated CAR T cells, B cell levels
in blood, spleen, and bone marrow of the mice were quantified. In
agreement with the monitoring of the levels of CD19 cells over time,
all mice of the CD4-LV-injected group exhibited strongly reduced
but still detectable CD19+ B cell levels (Figure 6D). The three CAR+

mice from the MIX group had completely eliminated the B cells not
only in blood, but also in bone marrow and spleen. In these organs,
B cell levels in the CD4-LV group ranged between 1% and 40% and
were thus clearly below those of the control group (Figure 6D).

To assess whether the physical symptoms, such as weight loss,
hunched posture, and ruffled fur, observed in CD34+ humanized



Figure 5. Kinetics of CAR+ and CD19+ Cells in Blood of huNSG Mice

(A) Experimental layout. huNSG mice were injected intravenously twice with IL-7 followed by either PBS (gray lines) or 4 � 1010 particles of CD4-LV (blue lines) or 2 � 1010

particles of CD4-LV and 3.5� 1011 particles of CD8-LV (MIX) (red lines). (B–D) Cells isolated from the blood over time was evaluated by flow cytometry for the percentage of

CAR+ cells in the CD3+CD4+ fraction (B) and the CD3+CD8+ fraction (C) and relative CD19+ cells within the fraction of human CD45 related to the level before vector injection

(D) in control, CD4, andMIX groups. The dotted line indicates the time point of vector administration. Distinct symbols used throughout the plots for each individual animal are

indicated. n = 4 in the control group; n = 8 in the CD4-LV group; n = 4 in the MIX group.
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mice treated with CD4-LV or MIX could be associated with CRS, cy-
tokines were measured in the mouse plasma collected during final
analysis. Inflammatory cytokines such as IL-6, IFN-a, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and tumor necro-
sis factor a (TNF-a) were elevated in mice #7 and #19 (Figure S7). An
increase in IFN-g was only observed in mouse #20, which also
displayed the highest IL-6 concentration. The MIX mice displayed
comparable cytokine concentrations as control mice. Compared to
the cytokines levels observed previously in CD8-LV-injected mice,8

CD4-LV administered mice displayed 2- to 3-fold lower cytokine
concentrations. Since histology analysis did not reveal any signs for
graft-versus-host disease (GvHD), such as damage to liver portal
tracts or intestinal tissue, CRS appears to be the most likely reason
for the symptoms in these mice, but will require further investigation.

DISCUSSION
In this study, we describe the successful in vivo generation of human
CD4+ CAR T cells. So far, it has only been possible to generate CD4+

CAR T cells ex vivo upon purification of the cells followed by activa-
tion and transduction.17 Key for our achievement was the vector
CD4-LV, which uses CD4 as an entry receptor.14 Notably, the selec-
tivity of CAR gene delivery into CD4+ cells was very high, if not ab-
solute, since CARs were only detectable in CD8+ cells when the CD8-
targeted vector CD8-LV was combined with CD4-LV. By mixing
these two vector types in the required ratio, the T cell subpopulations
expressing CARs can be precisely controlled and possibly adapted to
the patient situation.
We evaluated the in vivo CAR T cell generation in immunodeficient
mice reconstituted with huPBMCs or CD34+ hematopoietic stem cells.
The appearance of CAR T cells was clearly more rapid upon injection
of CD4-LV than of CD8-LV in the huPBMC-reconstituted mice. Since
in vivo it is not possible to determine how many T cells were hit by the
vector particles and consequently converted to CAR T cells, we cannot
formally exclude that simply more CAR T cells were generated upon
CD4-LV injection in vivo. The characterization of our vector stocks,
however, strongly argues against this possibility. Particle numbers and
gene delivery activities of the vector batches used for the in vivo experi-
ments show that rathermore and definitely not less gene-delivery active
vector particles were injected into the CD8-LV groups (see Table S2).
However, enhanced tumor cell elimination was substantially more pro-
nounced in CD4-LV- than in CD8-LV-injected mice. A possible expla-
nation for the observed difference could be the T cell phenotypes. Our
data show that the generated CD4+ CAR T cells were majorly naive
with lower dual inhibitory molecule expression than the corresponding
CD8+ CAR T cells, which displayed an effector phenotype with
enhanced dual expression of exhaustion markers. At the time of final
analysis in the in vivo anti-tumoralmodel, tumor cellswere already elim-
inated in the CD4-LV-injected mice while the anti-tumoral response in
the CD8-LV-injected mice was close to or at peak level. It is therefore
formally not possible to distinguishwhether the difference in exhaustion
was causative or a consequence of differences in kinetics. Since this was
not only observed in vivo but also ex vivo, especially in the presence of a
high tumor burden, our data rather argue for a principal difference in the
exhaustion of CD4+ and CD8+ CAR T cells.
Molecular Therapy Vol. 28 No 8 August 2020 1789
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Figure 6. Analysis of Organs from huNSG Mice

Cells isolated from the blood, spleen, and bonemarrow were evaluated. Distinct symbols for individual animals are used throughout the plots. Control animals are indicated in

open black, whereas vector-treated animals are indicated in filled black (CD4-LV) and filled gray (MIX). (A) Percentage of CAR+ cells within the CD4+CD3+ fraction determined

by flow cytometry. Representative density plots of one animal from each group at final time point are shown. (B) Splenocytes were cultured with irradiated Raji cells in a 1:1

ratio. On days 7, 14 and 21, CAR T cell levels were determined in the CD4 and CD8 fractions, respectively. (C) Vector copy number (VCN) in genomic DNA isolated fromCD4-

enriched cells from bone marrow. (D) CD19+ cells within the fraction of human CD45+ cells. Representative density plots of one animal from each group at final time point are

shown. Data represent mean ±SEM for all groups. n = 4 in the control group; n = 8 in the CD4-LV group; n = 4 in theMIX group. Statistical significance was determined using a

one-way ANOVA. *p < 0.05, ***p < 0.001, ****p < 0.0001. ns, not significant.
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This statement is supported by previous data collected ex vivo and
in vivo. By single-cell analysis, it was demonstrated that CD4+ CAR
T cells kill target cells but at lower kinetics than CD8+ CAR T cells,
while CD8+ CAR T cells are much more prone to activation-induced
cell death than are CD4+ CAR T cells, a property that may be more
relevant than the killing kinetics in vivo.13 In solid tumor models,
CAR T cells face a surplus amount of antigen-positive cells, especially
when injected intratumorally. Two independent studies suggest that
in such a setting CD4+ CAR T cells are indeed superior over CD8+

T cells since they are less sensitive toward exhaustion.18,19 With
CD19-CAR T cells and hematological tumors, an advantage of
CD4+ CAR T cells has been less evident.17 Indeed, the high amount
of systemically injected CAR T cells facing disseminated CD19+ target
cells in lymphomas may rather favor the activity of CD8+ CAR
T cells.18 This situation is however different in our setting where
CAR T cells are generated upon in vivo injection of vector particles.
Then, only a few CAR T cells encounter surplus amounts of CD19-
positive target cells and suffer stronger exhaustion. Our observations
thus support the hypothesis by Wang et al.18 whereby the injection
route determines the ratio of CAR T cells and antigen-positive target
cells and thus a potential advantage of CD4+ CAR T cells.

Although the NSG tumor mouse model applied in our study is well
established in preclinical analysis of CAR T cells, it is evident that
the human lymphocytes in this model are strongly activated due to
the xenogeneic reactivity against the mouse tissue. This situation
may have favored the expansion of CD4+ CAR T cells owing to
T cell receptor (TCR)-mediated activation as well as their higher
resistance against activation-induced cell death.20 In line with this,
it has been shown that CD8+ CAR T cells are negatively affected by
TCR engagement, causing loss of their effector function due to
exhaustion.21

In this respect, it is remarkable that CD4+ CAR T cells also exhibited a
rapid appearance in the humanized mice where T cells are tolerant
against mouse tissue and thus had not experienced activation before
CAR gene transfer. Although a side-by-side comparison was not per-
formed, CAR T cells generated in vivo with CD8-LV in our previous
study8 appeared roughly 3 weeks later in this mouse model. This
faster kinetic of CD4+ CAR T cells, however, came along with only
a transient B cell depletion. Interestingly, B cell depletion in this
mouse model was permanent when CD8-LV was co-delivered (in
this study) or administered alone.8 This appears to be in contradiction
to our ex vivo dataset, which revealed that the presence of CD4 T cells
augments CD8 T cell proliferation as well as their effector potency.
The generation of CAR+ Tregs by CD4-LV dampening the CD19-tar-
geted immune response could be a potential explanation, which has to
be in the focus of future investigation. This holds true also for the
signaling domains used in the CAR. We used CD28 in this proof-
of-principle study. Interestingly, CAR Treg suppressor functions
are especially maintained via CD28 costimulation but not via 4-
1BB.22 Besides Treg activities, CAR T cell persistence is strongly influ-
enced by the chosen signaling domain.23 Especially a combination of
CD28 and 4-1BB or the ICOS-derived signaling domainmay substan-
tially enhance the persistence of CD4+ CAR T cells.24 The selective
delivery of CARs into CD4+ cells as demonstrated in our study now
allows us to study the properties of CD4+ cells equipped with such
advanced CARs directly in vivo, thus avoiding any influence from
ex vivo cultivation conditions.

MATERIALS AND METHODS
Vector Production and Titration

Vector stocks of CD4-LV were produced as described previously.14 In
brief, 0.93 mg of pH-CD4-DARPin (29.2), 4.63 mg of pFcD30, 14.4 mg
of packaging plasmid pCMVdR8.9, and 15.1 mg of transfer plasmid
pS-CD19-CAR-W were cotransfected in 2.5 � 107 HEK293T cells.
After 2 days, vector particles released into the supernatant were
collected, concentrated, and purified through a 20% sucrose cushion
(4,500 rpm, 24 h at 4�C). The supernatant was discarded and the pel-
let was resuspended in 60 mL of PBS and the vector stocks were stored
at�80�C. To determine the gene transfer activity of the vector stocks,
A301 cells were transduced with serial dilutions of the vector stock,
and CAR+ cells were quantified by flow cytometry. Similarly, CD8-
LV was produced as described in Bender et al.25 To determine the
gene transfer activity in vector stocks, 5-fold dilutions were assayed
on Molt4 (CD8-LV) or A301 (CD4-LV) cells. Transducing units
(TU) displaying linear correlation with the dilution factor were
used for calculations of titers (see Table S2 for details).

Primary Cells and Cell Lines

Human PBMCs were isolated from freshly sampled human blood and
were cultured in RPMI 1640 medium (Biowest) supplemented with
10% fetal bovine serum (FBS; Biochrom), 2 mM glutamine (Sigma-
Aldrich), 0.5% penicillin/streptomycin, 25 mMHEPES (N-2-hydrox-
yethylpiperazine-N0-2-ethanesulfonic acid) (Sigma-Aldrich), and 50
IU/mL IL-2 (Miltenyi Biotec). Prior to activation, PBMCs were
depleted for B cells by using human CD19 microbeads (Miltenyi Bio-
tec). For the activation of PBMCs, plates were coated with 1 mg/mL
anti-human CD3 monoclonal antibody (mAb) (clone OKT3,
Miltenyi Biotec) and 3 mg/mL anti-human CD28 mAb (clone 15E8,
Miltenyi Biotec), which were added to the cell culture medium and
incubated for 72 h at 37�C, 5% CO2 and 90% humidity. HEK293T
cells were cultivated in DMEM (Gibco) supplemented with 10%
FBS and 2 mM glutamine. A301, Molt4, and Nalm-6 were cultivated
in RPMI 1640 medium supplemented with 10% FBS and 2 mM gluta-
mine. J76 cells were cultivated in RPMI 1640 medium supplemented
with 10% FBS, 2 mM glutamine, 1% non-essential amino acids
(NEAAs), and 1 mM sodium pyruvate (NaPyr). All cell lines were
regularly tested for mycoplasma using a PCR-based test kit (PanReac
AppliChem, Germany). The identity of Nalm-6 was confirmed by ge-
netic phenotyping performed by the German Cell Culture Collection
(DSMZ).

Selective Gene Transfer of CD4+ Lymphocytes

Activated PBMCs (4 � 104 cells) were seeded per well in a 96-well
plate. 5 mL of CD4-LVwas added to the cells, and spinfection was per-
formed by centrifuging at 850 � g for 90 min at 32�C. Fresh medium
was added and cells were cultured at 37�C, 5% CO2 and 90%
Molecular Therapy Vol. 28 No 8 August 2020 1791
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humidity. Four days post-transduction, the percentage of CAR+ cells
was determined by flow cytometry.

For evaluating in vivo gene transfer, NSG mice (NOD.Cg.Prkdcsci-
dIL2rgtmWjl/SzJ, Jackson Laboratory) were i.p. injected with 1 � 107

activated human PBMCs followed by i.p. injection of CD4-LV or con-
trol. (See Table S2 for details.) Seven days after vector application,
mice were sacrificed and the organs (blood, peritoneum, spleen)
were harvested for single-cell suspensions, which were further
analyzed by flow cytometry.

Humanized CD34+ cord blood-engrafted mice were purchased from
Jackson Laboratory. Human CD45+ cells were quantified in the blood
by flow cytometry prior to the start of the experiment, and animals
were randomly allocated to the vector and control groups, respec-
tively. Mice were i.v. injected with 200 ng of human IL-7 twice,
5 days and 1 day before i.v. injections of 4 � 1010 particles of CD4-
LV or 2 � 1010 particles of CD4-LV and 3.5 � 1011 particles of
CD8-LV (MIX). Mice were regularly monitored for their weight
and health status. CAR expression was determined in the blood of
the mice weekly. Once the termination criteria were met, mice were
sacrificed and cells from blood, spleen, and bone marrow were har-
vested to perform flow cytometry analysis. Additional organs were
collected and fixed in 4% formalin for histology.

For evaluating in vivo anti-tumoral activity, NSG mice were i.v. in-
jected with 1� 105 Nalm6-Luc cells. A day prior to vector application,
bioluminescence imaging was performed to arrange the groups based
on luciferase signal intensities followed by i.v. injection of 5 � 106

activated human PBMCs. Finally, the mice were i.v. injected with
either control or 1–2.5 � 1010 particles of CD4-LV or CD8-LV or
MIX encoding for CD19-CAR. Furthermore, to follow up tumor pro-
gression, 2, 6, 10, 13, and 20 days after vector application biolumines-
cence imaging was performed. In brief, mice were i.p. injected with D-
luciferin (PerkinElmer), 150 mg/g body weight, and put into isoflur-
ane anesthesia. The luciferase signals were obtained by biolumines-
cence imaging using an IVIS (PerkinElmer) 10 min after luciferin in-
jection. Mice were regularly checked for their health status and
sacrificed when termination criteria had been reached. 10 days after
vector application, mice were bled through the retro-orbital complex
to check for circulating CAR T cells in the blood. 14 and 21 days after
vector application, blood was taken, mice were sacrificed, and spleen
and bone marrow were removed. Animal experiments were per-
formed in accordance with the regulations of the German Animal
Protection Law and the respective European Union guidelines. Hu-
man 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

Blood, spleen, and bonemarrowwere collected from eachmouse. Sin-
gle-cell suspensions of spleen were obtained by mincing the organ
through a 70-mm cell mesh. Erythrocytes were lysed by resuspending
splenocytes in BD lysis buffer. Bone marrow single-cell suspensions
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were obtained by flushing the bones with a 23G syringe containing
RPMI 1640 medium. The cell suspension was passed through a 70-
mm cell mesh and erythrocytes were lysed by resuspending cells in
BD lysis buffer. The following antibodies were used for FACS stain-
ing: CD45 (2D1, Brilliant Violet [BV]510, BioLegend), CD3
(BW264/56, peridinin chlorophyll protein [PerCP], Miltenyi Biotec),
CD4 (RPA-T4, phycoerythrin [PE]-CF594, BD Biosciences), CD8
(BW135/80, fluorescein isothiocyanate [FITC], Miltenyi Biotec),
CD62L (DREG-56, BV605, BioLegend), CD45RA (HI100, BV421,
BioLegend), CD19 (HIB19, Alexa Fluor 700, Thermo Fisher Scienti-
fic), Myc (9B11, PE, Cell Signaling Technology) PD-1 (PD1.3.1.3, PE-
Vio 770, Miltenyi Biotec), Lag-3 (REA351, VioBlue, Miltenyi Biotec),
Tim-3 (REA635, allophycocyanin [APC], Miltenyi Biotec), CD25
(4E3, PE, Miltenyi Biotec), CD69 (FN50, FITC, Dako), T-bet (O4-
46, BV421, BD), Gata3 (L50-823, PE-Cy7, BD Pharmingen), RORgt
(Q21-559, Alexa Fluor 647, BD Pharmingen), and FoxP3 (259D/C7,
PE-CF594, BD). To determine the viability, fixable viability dye
(eFluor 780, Thermo Fisher Scientific) was used. For performing in-
tranuclear staining, a transcription factor buffer set (BD Pharmingen)
was used. FACS analysis was performed by LSR II or LSRFortessa (BD
Bioscience), and data was analyzed using FCS Express v6 (De Novo
Software) or FlowJo v10.1. A percentage of human cells was identified
as a living single lymphocyte population that expresses CD45. Cells
within the CD45 gate were further gated for CD3 and CD19 popula-
tions. Cells within the CD3 gate were gated for human CD8 and CD4
cells. Furthermore, from the CD3, CD4, or CD8 gate, CAR+ cells were
gated and further phenotypic characterization was performed by
gating on CAR+ populations in the different vector groups (see Fig-
ure S4 for gating strategy for the tumor model).

Vector Copy Number (VCN)

VCN was determined on genomic DNA, isolated from bone marrow-
derived enriched CD8+ and CD4+ T cells of humanized NSG
(huNSG) mice using the DNeasy blood and tissue kit (QIAGEN)
following the manufacturer’s protocol. CD8+ and CD4+ enrichment
was performed using CD4 (VIT4, APC) or CD8 (BW135/80, FITC)
antibodies together with anti-APC or anti-FITCMicroBeads (all Mil-
tenyj Biotec) following the manufacturer’s MS column protocol,
respectively. Quantification was performed by a TaqMan-based
qPCR assay using the LightCycler 480 Probes Master, the LightCycler
480 Instrument II, and the appropriate LightCycler software for data
analysis (all Roche). Transgene detection was performed using a
woodchuck hepatitis posttranscriptional element (WPRE)-specific
probe (50-Cy5-CGCCGCCTGCCTTGCCCGCT-BHQ2-30) and
primers (forward, 50-CACCACCTGTCAGCTCCTTT-30, reverse,
50-GGACGATGATTTCCCCGACA-30). For internal reference, a
human albumin-specific probe (50-6FAM-ACGTGAGGAGTATTT
CATTACTGCATGTGT-BHQ1-30) and primers (forward, 50-CAC
ACTTTCTGAGAAGGAGAGAC-30, reverse, 50-CTTGAATTGAC
AGTTCTTGCTAT-30) were used. Simultaneously on the same plate
albumin and WPRE were measured as single reactions for samples as
well as for the standard (plasmid) in duplicates (once at 95�C for
5min; 45 times [95�C for 10 s and 60�C for 40 s]). In each case a linear
standard curve was used to calculate the amount of human cells
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(albumin) and the vector integration (WPRE). The VCN was then
calculated as a ratio (copies WPRE/copies albumin) for human cells
carrying the WPRE.
In Vitro Killing Assay

Activated PBMCs were incubated with CD4-LV at an MOI of 2 for
72 h at 37�C. CAR expression and the cell count were determined
prior to the killing assay in order to adjust CAR+ cells as the number
of effector cells. Target (Nalm-6) and non-target (J76) cells were
labeled with CFSE (5- (and 6-)carboxyfluorescein diacetate succini-
midyl ester) (Thermo Fisher Scientific) according to the manufac-
turer’s protocol. CAR T cells were then added to 1 � 104 target or
non-target cells, seeded in 96 U-bottom plates in ratios ranging
from 5:1 to 0.5:1, and cultivated for 24 h at 37�C. 100 mL of superna-
tant was collected from the coculture and stored at�80�C to perform
ELISA to detect IFN-g secretion. FACS staining was performed, and
the dead cells were excluded by staining with the fixable viability dye
Zombie NIR (BioLegend). The percentage of viable target cells was
calculated by gating on live cells within the CFSE+ fraction.
Repetitive Killing Assay

PBMCs were isolated and CD3 cells were purified using the human
Pan T Cell Isolation Kit (Miltenyi Biotec). After 3 days of activation,
PBMCs were transduced with CD4-LV or CD8-LV or MIX, respec-
tively, at an MOI of 2 for 72 h at 37�C. CAR expression and the
cell count were determined prior to the killing assay in order to adjust
the number of CAR+ cells as effector cells. 4 � 103 CAR T cells were
then added to 4� 103 or 4� 104 target (Nalm-6) cells seeded in 96 U-
bottom plates in ratios of 1:1 (low tumor burden) and 1:10 (high tu-
mor burden) and cultivated at 37�C for 1 week. Every alternate day
the dose of Nalm-6 added to the wells was doubled and the following
day FACS staining was performed to check for target cell elimination,
CAR T cell proliferation, as well as their phenotype.
Expansion Assay

Splenocytes from huNSGmice treated with CD4-LV orMIX were co-
cultured with irradiated Raji cells at a 1:1 ratio and the coculture was
extended/sustained for 3 weeks. Every week, fresh irradiated Raji cells
were added into the coculture. At days 7, 14, and 21 FACS staining
was performed and the percentage of CAR+ cells was determined
by gating on CD4+myc+ and CD8+myc+ events within the CD3+

fraction.
Cytokine Assay

Plasma was isolated from the blood of mice by two-step centrifuga-
tion. First, the tubes were centrifuged at 300 � g for 5 min at room
temperature (RT), followed by centrifuging the supernatant at
2,000 � g for 5 min. Samples were stored at �80�C until analysis
with a MACSPlex Human Cytokine 12 kit (Miltenyi Biotec). Samples
were analyzed using MACSQuant Analyzer 10 and MACSQuantify
2.09.
Statistical Analysis

Data was analyzed using the GraphPad Prism 7 software (Graph-Pad,
USA). Statistical differences were assessed as indicated by using an
unpaired t test and two-way ANOVA test with Turkey’s multiple
comparison test. Differences were considered significant at p <0.05.
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