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Pre-clinical humanized mouse models are a powerful tool to
evaluate immunotherapies. NSG-SGM3 mice reconstituted
with human stem cells (huSGM3) develop pronounced human
myeloid cells due to transgenic expression of stem cell factor,
granulocyte-macrophage colony-stimulating factor, and
interleukin-3 (IL-3) compared with the widely used humanized
NSG (huNSG) model. We assessed in vivo generation of CD19-
CAR T cells in huSGM3mice upon single intravenous injection
of the T cell-specific lentiviral vectors (LVs) CD4-LV and CD8-
LV. While in vivo CAR T cell generation was clearly detectable
in individual mice, generation appeared less efficient than pre-
viously observed for huNSG mice. Especially for the CD4-LV
group, this correlated with increased IL-15 and decreased
GM-CSF levels, indicating activation of monocytes and macro-
phages. Co-culture assays identified macrophages as a potential
barrier for gene transfer. Refining CD4-LV and CD8-LV with a
less immunogenic surface by using modified packaging cells
substantially improved the transduction of lymphocytes
in vitro in the presence of macrophages, as well in vivo in
huSGM3 mice. Notably, two mice that developed less CAR
T cells showed high interferon-a or -b levels before vector in-
jection. Our data emphasize the relevance of innate immune re-
sponses for in vivo generation of CAR T cells, which can be
overcome by vector surface engineering.

INTRODUCTION
Due to their crucial role in adaptive immunity and anti-tumor sur-
veillance, T lymphocytes are prime targets in cancer gene therapy.
One outstanding approach is equipping T cells with a tumor anti-
gen-specific chimeric antigen receptor (CAR) facilitating TCR-inde-
pendent anti-tumoral response through its intracellular signaling do-
mains upon target binding. Meanwhile, their potential as a
therapeutic regimen has been most prominently demonstrated by
the approval of five CAR T cell products directed against CD19 and
B cell maturation antigen, thus covering B cell malignancies and mul-
tiple myeloma, as well as many more products in clinical trials.1–5

However, adoptive CAR T cell therapy is highly individualized, based
on time- and work-consuming manufacturing process, which limits
its broad application in the clinics.6 Genetic modification of T cells
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is most frequently accomplished by g-retroviral or lentiviral vectors
(LVs), the latter pseudotyped with the vesicular stomatitis virus glyco-
protein G (VSV-G). Due to their high transduction activity, VSV-LVs
are also under investigation for in vivo gene delivery. In this regard,
reducing immunogenicity of the vector particles is an important issue.
Recently, this was achieved by excluding the human major histocom-
patibility complex class I (MHC-I) molecule from the vector particle
surface and, instead, increasing the content of human CD47 to pre-
vent phagocytosis. Such phagocytosis-shielded VSV-LVs improved
liver gene transfer in nonhuman primates by about 3-fold.7

While manufacturing under GMP conditions is well established for
VSV-LVs, they lack cell specificity for T lymphocytes, thus posing a
potential risk for CAR gene delivery into lymphoma cells.8 In this re-
gard, our group recently demonstrated selective and functional trans-
fer of a CD19-CAR into CD8+ or CD4+ T cells using CD8-LVs or
CD4-LVs, which enter T cells via the respective T cell co-receptor.9,10

These studies provided proof-of-principle for generation of CAR
T cells directly in vivo by single intravenous vector administration
into CD34+ cord blood humanized NSG (huNSG) mice. Since in vivo
gene modification in patients faces many obstacles regarding im-
mune-modulated clearance, targeted LVs for in vivo CAR T cell gen-
eration must be evaluated in models that resemble the complex hu-
man immune system more closely. Especially, the innate immune
system has a key role in the first-line defense against pathogens.
For instance, the phagocytic activity of myeloid cells, in particular
macrophages, is of most importance at clearing foreign particles.

A constraint of the huNSGmodel is the limited crosstalk between mu-
rine cytokines and human hematopoiesis after CD34+ humanization.
Especially, development of mature human myeloid cells is restricted
in this system and requires human granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin-3 (IL-3) for differentia-
tion of humanhematopoietic stemcells (HSCs) intomyeloid progenitor
mber 2022 ª 2022 The Author(s).
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cells.11 This has been achieved by in vivo administration of humanGM-
CSF, IL-4, and Flt-3/Flk-2 in huNSG mice with a boosted human
myeloid cell engraftment.12 As further improvement human GM-CSF
and IL-3 are transgenically provided in NOG-EXL, MISTRG, and
NSG-SGM3 (SGM3) immunodeficient mouse strains, resulting in
physiologically relevant human myeloid cell engraftment upon
CD34+humanization.13–16Of particular interest is the huSGM3model,
which is a further development of the parental huNSG model and ex-
presses, in addition, human stem cell factor, a critical cytokine for
HSCmaintenance.17 For instance, the higher proportion of monocytes
in this model was shown to be the key point in inducing clinically rele-
vant CAR T cell-associated cytokine release syndrome and neurotox-
icity during therapy.18 Therefore, this model resembles a humanized
immune system with clinical relevance.

Here, we investigate the huSGM3mouse model for in vivo CAR T cell
generation with CD4-LV and CD8-LV. We demonstrate that CAR
T cell generation in the presence of this complex humanized immune
system is less efficient compared with the previously reported huNSG
model. However, in vivo transduction can be improved by shielding
the targeted vectors against phagocytosis.

RESULTS
T cell subtype-specific in vivo CAR T cell generation in CD34+

huNSG-SGM3 mice

To generate CD19-CAR T cells in vivo, huSGM3 mice received
similar transducing units of either CD4-LV, CD8-LV, or a mixture
of both vector suspensions (MIX) intravenously (Table S1). In addi-
tion, mice received human IL-7 shortly before and after vector admin-
istration to provide minimal stimulation of the T cells and enhance
vector transduction as demonstrated previously (Figure 1A).19 Blood
was assessed weekly for the presence of CART cells as well as cytokine
levels in the plasma.

CAR T cells, detected via myc-tag, emerged in blood within 2–5 weeks
after LV injection as detected by flow cytometry (FACS). Three out of
four MIX mice and three out of nine CD8-LV mice developed detect-
able CAR T cells (Figure 1B). The maximum level reached was 11%
CAR+ T cells in peripheral blood. After CD4-LV injection, in contrast,
only for one mouse a detectable CAR signal was measured on day 10
(Figures 1B and 1C). While in MIX mice CAR T cells were detected
in both, CD4+ and CD8+ T cell subpopulations, CD8-LV mice devel-
oped only CD8+ CAR T cells, demonstrating the specificity of the tar-
geted LVs. Functional activity of the generated CD19-CAR T cells was
confirmed by a strong decrease of CD19+ B cells in blood. While for
most animals B cell depletion coincided with high CAR T cell levels,
it also occurred in three out of eight mice of the CD4-LV group for
which pronounced CAR T cells had not been detected via FACS (Fig-
ure 1D). The B cell aplasia was permanent for all respective CD8-LV
mice and three MIX-treated mice. However, B cell levels recovered
within the first 3 weeks in one MIX mouse.

Further analysis of two major lymphocyte residing organs, bone
marrow, and spleen, revealed reduced frequencies of B cells in spite
Molecular The
of low CAR T cell signals at the cellular level. In general, CAR
T cell signals in the organs were within the background of the control
group, except for the bone marrow of one CD4-LV mouse (Fig-
ure S1A). However, a prominent reduction of B cells was observed
for some mice. In spleen, three MIX, three CD4-LV, and four CD8-
LV mice showed reduced B cell levels below 20% of all viable CD3
cells (Figure 2A). Two MIX and two CD8-LV mice exhibited a com-
plete B cell eradication in the spleen on day 41 and 70. Most of these
mice also showed a strong reduction of B cells in the bone marrow
below 6% (Figure 2A). qPCR analysis of cells from bulk spleen and
bone marrow samples revealed significant vector copy numbers
(VCNs) in the vector-treated groups over the control (Figure 2B).
Interestingly, highest VCNs were observed for the CD4-LV group,
although the mice of this group had shown the least prominent indi-
cation for CAR T cells with respect to CAR T cell detection in blood
(Figure 2B). This was significant in the spleen compared with the con-
trol. Co-cultivation of splenocytes isolated from these mice with irra-
diated CD19+ Raji tumor cells resulted in significant CAR T cell
expansion in the respective T cell subtype in the case of four mice
of the CD8-LV group, three of the CD4-LV group, and two of the
MIX group (Figure S1B). This proves that CAR T cells, although
below the detection level in FACS analysis, were present and func-
tional in the spleens of some mice, including those of the CD4-LV
group, supporting the qPCR data.

Analysis of plasma cytokines revealed no severe elevation of T cell-
related pro-inflammatory cytokines, such as TNF-a and IL-2, in the
vector-treated mice compared with the control group, although IL-2
was significantly increased in the CD4-LV group over the control,
with one mouse reaching about 700 pg/mL in blood (Figure 3). Inter-
estingly, the CD4-LV group, which showed the least robust CART cell
development, exhibited a cytokine pattern typical for monocyte- and
macrophage-associated activities. IL-1b, IL-15, and GM-CSF, as well
as the anti-inflammatory IL-10, showed a distinct expression pattern
in CD4-LV mice. IL-1b was about 2- to 3-fold increased compared
with the other groups and IL-10 was 2-fold increased over the control.
In addition, the pro-inflammatory cytokine IL-15, which is related to
myeloid activity, was significantly increased (3- to 25-fold) and GM-
CSFwas 2-fold decreased inCD4-LVmice comparedwith all the other
groups (Figure 3). This could potentially be due toGM-CSF consump-
tion by activated monocytes upon differentiation, but will require
further investigations.20,21

Phagocytosis-shielded vectors improve in vitro T cell

transduction in the presence of macrophages

Taking into account the different engraftment efficiency of human
myeloid cells between the huNSG and the huSGM3 mouse models,
we recapitulated the in vivo T cell transduction in a defined in vitro
model. We established a co-culture system of human T cells with
in vitro polarized macrophages to determine the effect of the myeloid
population on CD4-LV- and CD8-LV-mediated transduction.
Monocytes were isolated from human peripheral blood and polarized
into macrophages with GM-CSF. Characterization of these macro-
phages revealed high expression of CD209 and CD206, typical
rapy: Methods & Clinical Development Vol. 26 September 2022 145
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Figure 1. CAR T cell generation in huSGM3 mice

(A–D) CD34+ cord blood humanized NSG-SGM3 (huSGM3) were injected intravenously (i.v.) with CD4-LV, CD8-LV, a mix of both (MIX), or PBS (Control). Mice received

human IL-7 at 1 and 4 days before and 1 and 3 days after vector administration by i.v. or subcutaneous (s.c.) injection (A). Kinetic of CAR+ T cells and their CD19+ target

cells in blood are shown as a CAR+ signal of CD8+ T cells (B), CD4+ T cells (C), and normalized B cells of CD3 cells (D) for each mouse. Dotted lines show the cutoff for

determining reduction of B cells in mice. n = 4 (MIX), 8 (CD4-LV), 9 (CD8-LV), and 12 (Control) in two independent experiments. dpi, days post injection.
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Figure 2. B cells and VCNs in spleen and bone

marrow

B cell frequencies and vector copy numbers (VCNs) of the

CAR gene in the indicated organs.

(A) B cell levels in the spleen and bone marrow are shown

for the day of final analysis determined by FACS.

(B) VCN per cell of the CAR transgene was measured by

qPCR for the respective organ. The dotted lines represent

the upper 95% confidence interval of the control group.

Individual mice are plotted with mean and standard devi-

ation of the group. n = 4 (MIX), 7–8 (CD4-LV), 9 (CD8-LV),

and 12 (Control) in two independent experiments. Statis-

tics were determined by non-parametric Kruskal-Wallis

ANOVA with Dunn’s multiple comparisons test and indi-

cated significant p values compared with the Control.
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markers associated with phagocytosis (Figure S2).22 In the co-culture
we tested the ratio 1:1 or the ratio reflecting human T cells and human
myeloid cells found in human peripheral blood (10%) and blood of
huNSGmice (4%). Comparison of the efficiencies for CAR T cell gen-
eration revealed reductions of 27% for CD4-LV and 57% for CD8-LV
in the highest macrophage ratio. This was dose dependent as with
increasing numbers of macrophages the transduction efficiencies
decreased (Figure 4A).

In the next step, we aimed to improve T cell transduction. For this
purpose we took advantage of the recently described phagocytosis-
shielded LVs.7 Shielding is achieved through producing LVs in cells
lacking surface exposedMHC-I and overexpressing the human inhib-
itor of phagocytosis CD47, thus obtaining vector particles that are
both MHC free and have high amounts of CD47 in their envelope
(CD47high).7,23 These MHC-free and CD47high LVs showed efficient
transduction of the liver following intravenous administration to
non-human primates and improved resistance toward professional
phagocytes compared with unmodified parental LV.7 Accordingly,
we produced shielded CD4-LVsh and CD8-LVsh by transfecting the
modified HEK293T packaging cell line with the required plasmids
for LV production. Interestingly, the shielded vectors reached signif-
icantly increased transduction rates in the co-culture setting over
their conventional counterparts. On average, transduction rate
increased about 2-fold for CD4-LVsh and about 3-fold for CD8-
LVsh (Figure 4B).

Phagocytosis-shielded LVs improve in vivo CAR T cell

generation

To study if the results from the co-culture model had any in vivo rele-
vance, we compared CD4-LVsh and CD8-LVsh with their convention-
Molecular Therapy: Methods & Clini
ally produced counterparts upon administration
into huSGM3 mice to generate in vivo CD19-
CAR T cells. We focused on just these two vector
groups to investigate the improvement for each
vector type separately and simplify experimental
groups. The same experimental setupwas used as
before and the vectors were normalized for the
numbers of injected particles to compare the influence of shielding
and non-shielding within the targeted receptor group (Table S1).
Although, the injected CD8-LV in here had 2- to 5-fold lower titer
than the vector stock in the previous experiment in Figure 1, compa-
rable transducing units were injected between the CD8-LV and CD8-
LVsh group in this experiment (Table S1). To analyze dose correla-
tions, two additional groups were included in which mice received
double doses of CD4-LVsh and CD8-LVsh, respectively.

Analysis of CART cell kinetics in blood revealed a fast appearing peak
of CD4 CAR+ T cells on day 10 in the CD4-LV group, which dropped
1 week later. Mice having received CD4-LVsh showed about 2-fold
higher CAR T cell levels. All mice, except one mouse of the single
and double dose, respectively, developed clearly detectable levels of
CAR T cells with high specificity for CD4+ T cells. At the peak,
they reached up to 2.2% CAR+ of CD4+ T cells and resembled up
to 104 CAR T cells per mL blood (Figures 5A and S3). Two out of
five mice from the conventional CD4-LV group reached detectable
CAR T cells in blood ranging up to 1% CAR+ CD4 T cells and
4 � 103 CAR T cells per mL blood (Figures 5A and S3). In contrast,
in the CD8-LV group none of the single-dose-injected vector groups
showed clear evidence for the presence of CD8+ CAR T cells in blood.
Only after administration of the double dose of CD8-LVsh four out of
five mice developed CAR T cells, specifically in CD8+ T lymphocytes.
The CD8+ CAR T cells arose 1 week later than the CD4+ CAR T cells
in the CD4-LV group and reached about 1% frequency. In onemouse,
the CD8+ CAR T cells expanded further to 4.5%, corresponding to
5 � 103 CAR T cells per mL blood (Figures 5A and S3). Of note,
CAR signals in the blood were detected exclusively in the respective
T cell subset without detectable signal in the CD3– population
(Figures S4A and S4B).
cal Development Vol. 26 September 2022 147
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Figure 3. Plasma cytokines in huSGM3

Plasma cytokines of huSGM3 mice on day 17 after vector administration were measured using a bead-based multi-analysis kit. Concentrations for the respective cytokines

are shown for each mouse with mean and standard deviation within the group. n = 4 (MIX), 7 (CD4-LV), 8 (CD8-LV), and 11 (Control). Statistics were determined by non-

parametric Kruskal-Wallis ANOVA with Dunn’s multiple comparisons test and indicated significant p values.
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Furthermore, we determined the monocyte level in the blood of
huSGM3 mice before starting the experiment. On average,
1.6� 103 CD14+ cells per mL blood were found in the periphery, rep-
resenting about 0.4% of human CD45+ cells (Figure S5A). However,
somemice showed noticeable higher levels with up to 7� 103 cells per
mL blood. Interestingly, CD14+ cell counts showed a tendency to
reversely correlate with the number of in-vivo-generated CAR
T cells in the CD4-LV group (Figure S5B).

In linewith the appearance ofCARTcells, a strongdecrease of the initial
B cell levels was observed in all CD4-LV groups starting from day 10.
Thiswas valid not only formicewith detectableCARTcells in the blood
but also formice with absent or no clear CAR signals. Threemice in the
conventional CD4-LV group, all mice in the single-dose CD4-LVsh

group and four mice in the double dose group showed substantially
reduced or even completely eradicatedB cell levels (Figure 5B). In agree-
ment with the lower CAR T cells levels, the kinetics and the extent of B
cell depletion was much less pronounced in the groups having received
CD8-LVs. Within this group, the time point of B cell reduction corre-
148 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
lated well with the first appearance of CAR T cells on day 17. Mainly
mice which received the double dose of CD8-LVsh showed B cell reduc-
tion, of which onemouse exhibited a moderate reduction to below 40%
and three mice displayed a strong reduction down to 2% or 14%.
Notably, B cells were reduced also in one mouse of the single-dose
CD8-LVsh group, but in none of the mice having received the conven-
tional CD8-LV (Figure 5B).

Analysis of the B cell levels in bone marrow revealed stronger activ-
ities of in-vivo-generated CAR T cells by the shielded LV stocks. B
cell depletion was highly pronounced in all CD4-LV groups but
only significant for the shielded CD4-LVs (Figure 6A). Moreover,
the reductions mediated by the shielded CD8-LVs were statistically
significant for both vector doses compared with mice having received
conventional CD8-LV (Figure 6A).

In spleen, both the single and double dose of CD4-LVsh showed a
similar B cell reduction, which differed only slightly from that ob-
tained with the conventional group. With the CD8-LVs, the
mber 2022
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shielded vector group clearly showed a stronger B cell depletion
compared with the conventional group in a dose-dependent manner
(Figure 6A). In line with the spleen data, VCNs of human T cells
revealed successful CAR gene integration. At identical particle
dose, CD4-LVsh-injected mice exhibited more than 2-fold higher
VCNs compared with mice of the conventional CD4-LV group (Fig-
ure 6B). A similar tendency was obtained for the CD8-LVs, which
resulted in more than 3-fold higher VCN when shielded particles
were injected. Furthermore, samples from spleens of mice that
received the 2 times higher dose of CD8-LVsh contained 10 times
higher VCNs (Figure 6B). Importantly, flow cytometry analysis of
the spleen showed no off-target transduction in the CD33+ myeloid
cell population (Figure S4C). The expansion assay of splenocytes
with irradiated CD19+ tumor cells confirmed these results. Only
with cells from mice having received the shielded LVs, a significant
fraction of co-cultures resulted in successful CAR T cell expansion
(Figure S6).

In-vivo-generated CD4 CAR T cells exhibit distinct cytokine

responses

In line with the initial mouse study described above, we observed pro-
nounced changes of T cell- and myeloid-associated cytokines in
plasma for the CD4-LV, but not for the CD8-LV groups. IL-2 and
TNF-a, which are mainly secreted by CAR T cells, increased in
plasma of some CAR+ mice of the CD4-LVsh groups. Highest values
were observed on day 17 after vector application (Figure S7). A
similar kinetic was observed for IL-1b and IL-15, reaching up to 7-
and 9-fold elevated levels over the control (Figures 7 and S7). Notably,
this pattern was not observed for the conventionally produced CD4-
LV (Figures 7 and S7). A common observation for all CD4-LV groups
was a significant 2-fold decrease of GM-CSF by day 17 (Figures 7
and S8).
Molecular Therapy: Methods & Clini
Analysis of cytokines relevant for the antiviral de-
fense revealed a slight increase for interferon-a
(IFN-a) and IFN-b in mice of the CD4-LVsh

group (Figure 7). Notably, mice no. 11 and no.
34 in the single- and double-dose CD4-LVsh

groups showed a reverse kinetic for these cyto-
kines compared with the initial levels before vec-
tor administration. Starting with over 200 pg/mL of IFN-a and over
600 pg/mL IFN-b on day �4, levels declined to background until
day 17 (Figure 7). Interestingly, exactly these mice had not developed
robust CAR T cell levels in blood, suggesting the antiviral defense as
a possible explanation.

DISCUSSION
In this study, we investigated in vivo CAR T cell generation in the
highly sophisticated human immune system of the huSGM3 mouse
model using targeted CD4-LV and CD8-LV. We could improve
in vivo CAR T cell generation by shielding the vector surface with a
less immunogenic envelope, while maintaining target specificity for
CD4 and CD8 T cells.

Our results demonstrate an overall successful target-specific T cell
transduction after systemic administration of the vectors resulting
in reduced endogenous target cells. Using flow cytometry analysis
of the blood, we could trace the kinetic of CAR T cells and their target
cells. Although some mice developed less than 1 � 103 detectable
CAR T cell per mL blood, most showed a pronounced reduction
and depletion of B cells. Therefore, B cell reduction seems to be a
more sensitive readout than CAR T cell detection in the blood by
FACS. This was also true for CAR T cells residing in the bone marrow
and spleen, where FACS signals for CAR T cells were ambiguous.
Resting T cell status and CAR down-modulation are potential expla-
nations.24 However, B cell levels, qPCR, and expansion assays of sple-
nocytes co-cultivated with CD19+ tumor cells proved the presence of
CD19– CAR T cells even several weeks after vector injection.

An important finding of this study is that CAR T cell generation
was overall lower in huSGM3 mice than in huNSG mice. While
comparing data from different publications, there is a clear
cal Development Vol. 26 September 2022 149
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tendency that, after single injection of CD4-LV and CD8-LV, less
huSGM3 mice developed detectable CAR T cells than huNSG mice
(Table 1). The NSG-SGM3 mouse model supports a better human
150 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
hematopoiesis, with a more pronounced myeloid population, than
the parental NSG strain when humanized with CD34+ stem cells
from human umbilical cord blood.15,16,25 Therefore, we suspected
mber 2022
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the myeloid system to be causative for the lower in vivo transduc-
tion efficiency in huSGM3 mice, in particular macrophages, which
are highly active in clearing foreign particles. Indeed, in co-cultures
of T cells with increasing amounts of intercepting macrophages, we
detected reduced T cell transduction for both CD4-LV and CD8-
LV. Notable effects were only significant in the artificial 1:1 ratio,
likely because of the excess of vector particles in the culture, mask-
ing the reducing transduction effect at lower ratios of
macrophages.

To reduce the immunogenicity of our vectors and refine in vivo
transduction in the huSGM3 model, we produced the T cell-targeted
vectors in the optimized packaging cell line b2M�/�, CD47high

HEK293T. This modified cell line had been shown to improve
in vivo gene transfer of VSV-G pseudotyped LVs into liver of
non-human primates by inhibiting macrophage-induced phagocy-
tosis through the SIRPa receptor.7 Indeed, CD4-LVsh and CD8-
LVsh refined with a less immunogenic surface could recover
transduction efficiency of T cells in the co-culture with macrophages
in vitro.

Remarkably, CD4-LVsh and CD8-LVsh also improved in vivo gene
delivery in the huSGM3 model and outperformed conventionally
produced LVs while maintaining high T cell target specificity.
This was observed for CD4-LVsh in the periphery. Analysis of
VCN and B cell levels in lymphocyte residing organs confirmed
improved gene transfer activities for CD8-LVsh as well. For CD8-
LV, CAR T cell generation was less efficient in the huSGM3 mouse
experiment shown in Figure 5 than in Figure 1. This was most likely
due to a less-potent vector stock administered (Table S1). Of note,
Molecular Therapy: Methods & Clini
increasing CD4-LVsh and CD8-LVsh vector
dosages led to an even more pronounced and
effective in vivo CAR T cell generation in cell
counts in the blood suggesting that saturation
for in vivo CAR T cell generation was not yet
reached. In agreement with previous observa-
tions in PBMC-engrafted NSG mice, in-vivo-
generated CAR T cells appear weeks earlier in
peripheral blood of CD4-LV than of CD8-LV-injected mice.10

Here, we confirm this for fully humanized mice.

The reduced CAR T cell generation in huSGM3 mice was espe-
cially pronounced for CD4-LV. A possible explanation could be
binding of CD4-LVs to CD4 on monocytes and macrophages,
which might lead to sequestration of vector particles and accord-
ingly reduced in vivo gene delivery.26 That we did not observe
transduction of CD14+ cells despite vector particle binding is
not surprising, since CD4-LV lacked the accessory viral protein
Vpx, which is required to bypass antiviral restriction factors,
such as SAMHD1 in myeloid cells, especially at low vector particle
numbers, as is the case in vivo.27 This explanation is well in agree-
ment with the substantial improvement that CD4-LVsh showed in
the huSGM3 model, likely due to CD47 displayed on LVsh, which
in particular reduces phagocytic activity and therefore LV clear-
ance. Furthermore, CD4 ligation on monocytes induces activation
and differentiation toward macrophages.26,21,28 Therefore, it is
possible that particularly CD4-LV induces a pronounced innate
associated immune response that restricts gene delivery in the
huSGM3 model. This was in agreement with the plasma cytokine
patterns particularly observed for CD4-LV-injected mice. Elevated
IL-15 and especially reduced GM-CSF around day 17 underline an
ongoing immune response of the innate immune system. This late
cytokine increase might fit to a priming-associated immune
response, potentially directed against the mouse-derived anti-
CD19 scFv antibody FMC63, which has been shown in patients
to elicit anti-CAR immune responses.29–31 Moreover, we observed
a tendency of initially high monocyte counts in the blood of
huSGM3 mice to correlate with low CAR T cell generation in vivo
cal Development Vol. 26 September 2022 151
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of some mice in the CD4-LV group, underlining the potential in-
fluence of the myeloid system on in vivo CAR T cell generation.

An aspect of the non-obese diabetic, severe combined immunodefi-
ciency (NOD-SCID) strain derived NSG-SGM3 model is the inter-
species cross-reactivity of murine SIRPa, including reactivity with
human CD47. This is one of the reasons why such high engraftment
of human hematopoietic cells can be achieved in NSG models, since
human leukocytes ubiquitously express CD47 and thus are less
prone to be cleared by the murine innate system.32 Thus, CD47 pre-
sent on shielded LVs may not only interact with human myeloid
cells but also with murine SIRPa-positive murine phagocytes, for
instance in liver. This adds another advantage of the current model,
152 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
as this is reflecting a human-like situation where the LVs are not
only interacting with myeloid cells of the peripheral system but
also organ residing cells.

Another interesting feature, which we observed in few mice, was
elevated levels of human IFN-a and IFN-b before LV administration.
Strikingly, these mice did not develop pronounced levels of CAR
T cells in the periphery, most likely due to early immune clearance
of the vectors. Similar innate immune responses toward systemically
injected VSV-LV in immunocompetent mice with increased antiviral
IFN-a and IFN-b in the plasma were reported before and shown to
originate from plasmacytoid dendritic cells.33 Brown et al.33 showed
that the IFN-a response after VSV-LV administration limited in vivo
mber 2022



Table 1. Comparison of in vivoCART cell generation in huNSG and huSGM3

mice

Mouse model Vector No. of animals aCAR+ mice

bB cell
depletion

huNSG
cCD4-LV 8 7 (88%) 7 (88%)

dCD8-LV 10 7 (70%) 8 (80%)

huSGM3

eCD4-LV 13 6 (46%) 5 (39%)

eCD8-LV 13 8 (62%) 4 (31%)

fCD4-LVsh 6 6 (100%) 5 (83%)

fCD4-LVsh (2�) 5 4 (80%) 4 (80%)

fCD8-LVsh 5 2 (40%) 1 (20%)

fCD8-LVsh (2�) 5 4 (80%) 4 (80%)

aMice are stated as CAR+ when two out of five independently assessed parameters (flow
cytometry of blood, spleen, and bonemarrow, qPCR, and expansion assay) were positive
for the presence of CAR.
bB cell depletion was determined if at least two out of three organs exhibited reduced
B cell levels.
cData from Agarwal et al.10
dData from Pfeiffer et al.9
eData from Figures 1 and 5 combined.
fData from Figure 5.
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GFP gene delivery and was improved in mice incapable of responding
toward IFN-a and IFN-b. Indeed, huSGM3 mice were described to
contain human plasmacytoid dendritic cells.34 Accordingly, applica-
tion of transient IFN-a- and IFN-b-neutralizing antibody or respec-
tive receptor blocker might be beneficial before systemic LV injection
to reduce the initial antiviral immune response.

This study has further advanced the novel strategy of in vivo gener-
ation of CAR T cells with T cell-targeted LVs by demonstrating the
validity of this strategy in huSGM3 mice, which reconstitute a so-
phisticated human immune system. Our data confirm that this
model provides many advantages in recapitulating key points of
the human immune system, thereby making it an ideal preclinical
model for testing immunological therapies. Here, we observe
some road blocks in a more physiological human immune system
for T cell-targeted in vivo gene delivery, which could not be detected
in simpler models. Innate immune responses against the vectors
limit in vivo CAR T cell generation but can be overcome by phago-
cytosis-shielded LVs. These modifications allowed improved in vivo
CAR T cell generation in the huSGM3 mouse model and highlight
the potential to refine CAR T cell therapy, or T cell gene therapy in
general, with targeted LVs.

MATERIAL AND METHODS
Vector production and characterization

Detailed protocols for production and characterization of CD4-LV
andCD8-LV stocks were recently published.35 Both vector stocks con-
tained the transfer plasmid pS-CD19-CAR-W coding for a second-
generation CD19-CAR with a CD28 and CD3z signaling domain un-
der control of the SFFVpromotor. In brief, in 2.5� 107HEK293T cells
or b2M�/�, CD47high HEK293T cells were seeded in a T175 flask 24 h
Molecular The
before cotransfection with 14.4 mg of packaging plasmid pCMVdR8.9,
15.1 mg of transfer plasmid pS-CD19-CAR-W and 0.93 mg of pH-
CD4-DARPin (29.2), 4.63 mg of pFcD30 for CD4-LVs, or 0.9 mg of
pCAGGS-NiV-Gd34-CD8, 4.49 mg of plasmid NiV-F pCAGGS-
NiVFd22 for CD8-LVs. After 2 days the vector particles released in
the supernatant were collected, concentrated, and purified through a
20% sucrose cushion (4,500 rpm, 24 h at 4�C). The supernatant was
discarded, the pellet was resuspended in 60 mL of PBS, and the vector
stocks were stored at�80�C.Gene transfer activity of the vector stocks
were determined by transduction of 8� 104 activated human PBMCs
or 4� 104 A301 (CD4+) and J76S8ab (CD8+) cell line in a serial dilu-
tion of the vector stocks. PBMCs were transduced via spinfection (at
850 � g, 90 min and 32�C). Transducing units were calculated based
on the linear range of the gene transfer activity after 3 days in theCD4+
(CD4-LV) or CD8+ (CD8-LV) cell populations. To determine particle
numbers, nanoparticle tracking analysis was performed at the
NanoSight NS300 (Malvern Panalytical).

Primary cells and cell lines

Human PBMCs were isolated from freshly sampled human blood,
purchased from the German blood donation center (DRK-Blutspen-
dedienst, Frankfurt amMain) by Histopaque gradient centrifugation.
For purified T cells, a negative selection using the magnetic PAN
T cell isolation Kit (Miltenyi Biotech) was performed. Primary cells
were cultured in T cell medium (TCM) made out of RPMI 1640 me-
dium (Biowest), 10% fetal bovine serum (FBS) (Biochrom AG), 2 mM
glutamine (Sigma-Aldrich), 0.5% penicillin/streptomycin, 25 mM
HEPES (Sigma-Aldrich), and further supplemented with 25 U/mL
human IL-7 (Miltenyi Biotech) and 50 U/mL human IL-15 (Miltenyi
Biotech). For T cell activation, plates were coated with 1 mg/mL anti-
human CD3mAb (clone: OKT3, Miltenyi Biotech) and 3 mg/mL anti-
human CD28 mAb (clone: 15E8, Miltenyi Biotech) were added to the
cell culture medium for 72 h. For generating primary macrophages,
monocytes from PBMCs were labeled with CD14 (REA599, APC,
Miltenyi Biotech) antibody, isolated using a magnetic anti-APC-Mi-
crobead Kit (Miltenyi Biotech) and polarized for 5–6 days in TCM
supplemented with 50 ng/mL recombinant humanGM-CSF (Leukine
Sanofi-Aventis). Nalm-6, Raji, and A301 cells were cultivated in
RPMI 1640 medium supplemented with 10% FBS and 2 mM gluta-
mine (RPMI complete). J76S8ab cells were cultivated in RPMI com-
plete further supplemented with 1 mM sodium pyruvate (Gibco) and
1 mM non-essential amino acids (Gibco). HEK293T and b2M�/�,
CD47high HEK293T cells were cultivated in DMEM (Gibco) supple-
mented with 10% FBS and 2 mM glutamine. All cells were cultivated
at 37�C, 5% CO2, and 90% humidity.

Macrophage-T cell transduction assay

A total of 8 � 104 activated T cells was seeded together with the
respective ratio of macrophages in a flat-bottom 96-well plate in
TCM supplemented with 25 U/mL human IL-7 (Miltenyi Biotech)
and 50 U/mL human IL-15 (Miltenyi Biotech). Co-culture was trans-
duced with the indicated LVs normalized for vector particles centri-
fuged at 850� g, 90 min, 32�C, and co-culture was subsequently culti-
vated in 200 mL total volume until day 3 for flow cytometry analysis.
rapy: Methods & Clinical Development Vol. 26 September 2022 153
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In vivo CAR T cell generation

All animal experiments were performed in accordance with the reg-
ulations of the German animal protection law and the respective Eu-
ropean Union guidelines.

Humanized CD34+ cord-blood-engrafted NSG-SGM3 (NOD.Cg-
Prkdcscid Il2rgtm1Wjl Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ,
ID:013,062) or NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ, ID:
005,557) mice were purchased from Jackson Laboratory. Human
CD45+ cells and B cell and T cell ratio were analyzed in the blood
by flow cytometry before the start of the experiment and animals
were randomly allocated to the vector and control groups. Investiga-
tors were not blinded to group allocation. Data of mice, which had to
be sacrificed due to strong, donor related, weight loss within the first
8 days after experiment start, were excluded. Mice were injected sub-
cutaneously or intravenously (i.v.) with 200 ng human IL-7 (Pepro-
tech) 4 and 1 day before and 1 and 3 days after vector injection. In
the huSGM3 experiment in Figure 1 only conventionally produced
LVs, 2.4 � 1011 particles of CD4-LV, 1.2 or 2 � 1011 particles of
CD8-LV or 1.6 � 1011 CD4-LV and 7.6 � 1010 CD8-LV particles
(MIX) were injected i.v.. For the experiment in Figure 5, conventional
and phagocytosis-shielded LVs, 8.7 � 1010 particles of CD4-LV or
CD4-LVsh, 1.4 � 1011 particles of CD8-LV or CD8-LVsh, or PBS as
control was injected i.v.. For the higher dose group (2�) a double
amount of LVsh was administered. Mice were regularly monitored
for their general health status. CAR T cell (via myc-tag) and B cell
levels (via CD19) were determined in the blood of the mice weekly
by flow cytometry analysis. On the final day blood, spleen, and
bone marrow were harvested for further analysis.

Preparation of single-cell suspension from organs and

expansion assay

Blood, spleen, and bonemarrowwere collected from eachmouse. Sin-
gle-cell suspensions of spleen were obtained by mincing the organ
through a 70 mm cell strainer. Bone marrow were harvested by open-
ing ends of bones and centrifugation at 4,600 � g for 3 min in perfo-
rated 0.5 mL tubes inside a fresh 1.5 mL tube containing RPMI me-
dium. Cell suspension afterward was singularized by a 70 mm cell
strainer. Isolated single-cell suspension of each organ and the blood
were washed with PBS and subsequently incubated in BD Pharm
Lyse buffer (BD Biosciences) for 10 min for erythrocyte lysis. Isolated
single-cell suspensions of the organs were used for flow cytometry
analysis, T cell enrichment, VCN determination, and expansion assay
experiments. Expansion assay was performed with 1 � 105 fresh iso-
lated splenocytes and CD19+ irradiated Raji or Nalm6 cells at an
effector:target ratio of 1:1 in RPMI complete supplemented with
50 U/mL human IL-2 (Miltenyi Biotech) or 25 U/mL human IL-7
(Miltenyi Biotech) with 50 U/mL human IL-15 (Miltenyi Biotech)
and a medium change two times a week.

Flow cytometry analysis

Staining for flow cytometry analysis was performed in PBS supple-
mented with 2% FBS. Primary cells were blocked with human FcR
blocking reagent (Miltenyi Biotech) and mouse-derived samples
154 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
were additionally blocked withmouse FcR-blocking reagent (Miltenyi
Biotech). The following anti-human antibodies were used for FACS
staining: CD45 (2D1, BV510, BioLegend), CD3 (BW264/56, PerCP,
Miltenyi Biotec; HIT3a, BV605, BD Biosciences), CD4 (VIT-4,
FITC, Miltenyi Biotech; RPA-T4, PE-CF594, BD Biosciences,
VIT-4, VioBlue, Miltenyi Biotech), CD8 (BW135/80, FITC, Miltenyi
Biotech; RPA-T8, BV786, BD Biosciences; BW135/80, APC, Miltenyi
Biotech), Myc for CAR detection (9B11, PE, Cell Signaling Technol-
ogy; SH1-26e7.1.3, FITC,Miltenyi Biotech), CD19 (LT19, PE-Vio770,
Miltenyi Biotech; HIB19, Alexa Fluor 700, Thermo Fisher), CD14
(REA599, APC, Miltenyi Biotech), CD206 (DCN228, VioBlue, Milte-
nyi Biotech), and CD209 (REA617, PE, Miltenyi Biotech). To deter-
mine the viability, Fixable Viability Dye (eFluor 780, Thermo Fisher
Scientific) was used. Stained samples were fixated in 1% PFA and
measured at LSR Fortessa (BD Biosciences) or at the MACS Quant
Analyzer10 (Miltenyi Biotec) and data were analyzed using FlowJo
v.10.1 (BD Biosciences) or FCS Express 6 (De Novo Software). The
percentage of human cells was identified as the living single-lympho-
cyte population that expresses human CD45. Cells within the human
CD45 gate were further gated for CD3+, CD19+, and CD3–/CD19–
populations. Within the CD3 gate, cells were gated for human CD8
and CD4 cells and CAR+ cells. To determine absolute counts in the
blood, defined volumes of 4 mm CountBright Plus absolute counting
beads (Invitrogen) were added to the samples before flow cytometry
measurement.

VCN

VCN was determined on genomic DNA, isolated from bone marrow
and spleen suspension cells from huSGM3 mice using the DNeasy
Blood and Tissue Kit (QIAGEN) following the manufacturer’s proto-
col. Quantification was performed by TaqMan-based qPCR assay us-
ing the LightCycler 480 Probes Master, the LightCycler 480 Instru-
ment II, and the appropriate LightCycler software for data analysis
(all Roche). Transgene detection was performed using woodchuck
hepatitis post transcriptional element (WPRE)-specific probe (50-Cy
5-CGCCGCCTGCCTTGCCCGCT-BHQ2-30) and primers (fwd: 50-
CACCACCTGTCAGCTCCTTT-30; and rev: 50-GGACGATGATTT
CCCCGACA-30). For internal reference human albumin-specific
probe (50-6FAM-ACGTGAGGAGTATTTCATTACTGCATGTGT-
BHQ1-30) and primers (fwd: 50-CACACTTTCTGAGAAGGAGA-
GAC-30; and rev: 50-GCTTGAATTGACAGTTCTTGCTAT-30)
were used. Simultaneously on the same plate, albumin and WPRE
were measured as single reactions for samples as well as for the stan-
dard (plasmid) in duplicates (1� 95�C for 5 min; 45� [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 (albumin) and vector integration
(WPRE). The VCN was then calculated as a ratio (copies WPRE/
copies albumin) for human cells carrying the WPRE.

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 RT, fol-
lowed by a second centrifugation of the supernatant at 16,000� g for
5 min. Samples were stored at�80�C until analysis with a customized
mber 2022
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13-plex cytokine Legendplex kit (BioLegend). Samples were
measured at the MACS Quant Analyzer10 (Miltenyi Biotec) and
analyzed with the Legendplex software (v.8.0).

Statistical analysis

Data were analyzed using the GraphPad Prism 8 software (GraphPad
Software). Statistical differences were assessed as indicated in the
figure legend by using one-way, two-way, or Kruskal-Wallis
ANOVA test with Dunnett’s, Bonferroni’s, Turkey’s, or Dunn’s mul-
tiple comparisons test. Correlation was assessed by Pearson correla-
tion analysis. Differences were considered significant at p < 0.05.
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