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cyclosporine H improves the Multi-
Vector Lentiviral transduction 
of Murine Haematopoietic 
progenitors and Stem cells
Leonid olender, nir Bujanover, omri Sharabi, oron Goldstein & Roi Gazit  *

Haematopoietic stem cells (HScs) have the potential for lifetime production of blood and immune cells. 
the introduction of transgenes into HScs is important for basic research, as well as for multiple clinical 
applications, because HSc transplantation is an already established procedure. Recently, a major 
advancement has been reported in the use of cyclosporine H (CsH), which can significantly enhance 
the lentivirus (LV) transduction of human haematopoietic stem and progenitor cells (HSpcs). in this 
study, we employed CsH for LV transduction of murine HSCs and defined haematopoietic progenitors, 
confirming previous findings in more specific subsets of primitive haematopoietic cells. Our data 
confirm increased efficiencies, in agreement with the published data. We further experimented with 
the transduction with the simultaneous use of several vectors. the use of csH yielded an even more 
robust increase in rates of multi-vector infection than the increase for a single-vector. csH was reported 
to reduce the innate resistance mechanism against LV infection. We indeed found that additional 
pretreatment could increase the efficiency of transduction, in agreement with the originally reported 
results. Our data also suggest that CsH does not reduce the efficiency of transplantation into immune-
competent hosts or the differentiation of HSCs while enhancing stable long-term expression in vivo. 
this new additive will surely help many studies in animal models and might be very useful for the 
development of novel HSc gene therapy approaches.

Haematopoietic stem cells (HSCs) are the source for all blood and immune cells in an adult organism1. HSC 
transplantation is among the main clinical applications of stem cells2. Therefore, manipulation of HSCs for exper-
imental research is of high interest, and clinical utilization of these cells for gene therapies is of acute need3. 
The introduction of the transgene may complement either a missing or a mutated gene, allowing functional 
manipulations of the blood and immune systems in a practical and efficient way due to the potency of HSCs. 
Lentiviruses (LVs) have been demonstrated to integrate into the HSC genome and sustain transgene expression 
over a prolonged time following transplantation4–6. Nevertheless, rates of transduction and the ability to sus-
tain HSC potency following ex vivo manipulation still pose major obstacles. The number of primary HSCs is a 
limiting factor, as these are rare cells estimated to account for a few thousand of the cells in a single mouse7 or 
50,000–200,000 of the cells in an adult human8. Therefore, any improvement in the efficiency of LV transduction 
in primary HSCs is of interest, as long as it does not lead to impairment of their long-term multilineage repopu-
lation capacity upon transplantation.

The interest in the introduction of transgenes into HSCs is reflected by the plethora of studies reporting 
various vectors and strategies. Importantly, as HSCs are defined by their long-term potency, in this study, we 
focused on vectors providing long-term expression, while other vectors might be of use for transient expression9. 
Classically, using retrovirus- or lentivirus-based vectors has been reported to obtain stable expression in HSCs 
and their progeny following transplantation3. However, such an experimental setting has also encountered diffi-
culties in gaining high frequencies of transgene-expressing cells3, and it is known that using high levels of viruses 
can have a deleterious impact on the viability and potency of these cells upon transplantation5. Other vectors used 
for transgene delivery into HSCs include transposons10, episomes11, and adeno-associated virus 612. Although 
some publications have suggested direct delivery of DNA into HSCs using electroporation13, this approach did 
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not yield highly effective protocols. The recent utilization of CRISPR appears to be very promising in the context 
of HSCs, as any manipulation of these cells can be directly used for clinical applications, and there are a number 
of candidate genes to manipulate14,15. The ability to efficiently deliver transgenes into HSCs without affecting their 
long-term multilineage repopulation capacity could benefit many current and future studies in the field.

Both basic research and possible clinical applications involving genetically modified cells rely heavily on the 
ability to develop reproducible protocols with adequate readouts and outcomes. It is occasionally possible to 
gain a proof-of-concept with only a handful (a few percent or even less) of transgene-positive cells in which the 
readout is significantly distinct from the background levels. However, having a low transduction efficiency is not 
only frustrating but also can be prohibitive if the starting population of cells is limited. Bona-fide functional HSCs 
make up a very rare population in the bone marrow (BM), estimated at 1 in every 50,000 cells or even less in an 
adult mouse16,17. Importantly, we have solid evidence that only these HSCs bear true life-long potency, while other 
primitive haematopoietic cells are active only for a limited amount of time18–20. Multiple attempts have been made 
to overcome the limitations of HSC numbers by either ex vivo expansion21,22 or various reprogramming strategies 
using pluripotent23, endothelial24,25 or blood cells26. All of these are essentially limited by the low efficiency of 
ex vivo manipulations of HSCs or Progenitors. On the other hand, primary HSCs are readily available as either 
allogeneic or even autologous cells that have been clinically established for efficient HSC transplantation, saving 
tens of thousands of lives every year27. Thus, increasing the efficiency of LV transduction in HSCs is clearly of an 
acute need.

LV vectors have been developed and improved over the last 30 years28. They are able to transduce the vast 
majority of cell types, with VSVG (vesicular stomatitis virus G-protein) pseudo-typing providing avidity to virtu-
ally all types of cells29. The ability to integrate into the genome of non-dividing cells has turned LVs into a versatile 
and abundant tool for research and development in various gene therapy approaches. Nevertheless, mammalian 
cells have evolved to resist viral infection, and there are multiple mechanisms by which cells can block viral entry, 
activity, and integration30. The immune system acts to protect our body against all pathogens, including viruses, 
and there are immune cells that may have increased specialized antiviral functions31. Among the mechanisms 
reported to resist LV transduction, type-I interferons (IFNα and IFNβ) provide a major pathway integrating 
danger signals and limiting viral spread among cells32. HSCs are known to respond to type-I IFN33–37. Clearly, any 
ability to overcome cellular resistance mechanisms may provide improved transduction and may further protect 
cells from subsequent damage and loss of potency. Immunosuppressive drugs target some of the innate mecha-
nisms that also play an essential role in the antiviral response38.

Cyclosporins are a group of compounds originally isolated from fungi39,40 and are known primarily as immu-
nosuppressive drugs used in transplantation and autoimmune diseases41. Cyclosporine A was the first compound 
of this group reported to enhance LV transduction into HSCs42, in contrast with its antiviral effect on differen-
tiated cells43. This might be related to the unusual induction of proliferation in HSCs following IFNα stimula-
tion in contrast with the induction of cell cycle arrest in other cell types33,34,37. Recently, cyclosporine H (CsH) 
was reported by Petrillo and Kajaste-Rudnitski to significantly enhance LV transduction into human HSPCs44. 
CsH is a metabolite of cyclosporine A. CsH is not immunosuppressive and has been reported to act through 
interferon-induced transmembrane protein 3 (IFITM3)44. Intriguingly, this finding is in agreement with stud-
ies showing that HSPCs express an interferon signature genes even in the naive state33,34,37. Clearly, interferon 
response genes can be further upregulated upon stimulation that may occur during the isolation and ex vivo 
manipulation of the cells. Petrillo et al. demonstrated how CsH improved methods using LV transduction into 
human HSPCs44, including functional xenotransplantations into immune-deficient mice.

Hereby, we used CsH to transduce murine HSCs or defined progenitors with single and multiple LV vec-
tors. First, we observed enhanced transduction in vitro, in agreement with the findings of Petrillo and 
Kajaste-Rudnitski44. This was true for highly purified HSCs, as well as for granulocyte-monocyte progenitors 
(GMPs). Transducing cells with three types of LVs gained even more robust enhancement of multi-vector infec-
tion than the enhancement of a single vector. Pretreatment of primitive haematopoietic cells further increased the 
transduction rates of single and multiple vectors but resulted in decreased expansion in vitro. Finally, we demon-
strated that LV-transduced murine HSCs treated with CsH retain their ability to be transplanted into syngeneic 
immune-competent mice while sustaining multi-vector expression.

Materials and Methods
isolation of primary stem cells and progenitors. Primary cells were extracted from the femora and tibiae 
of C57BL/6J or B6-rtTA mice (JAX 6965) and enriched using the Histopaque-1083 separation reagent (Sigma-
Aldrich, St. Louis, MO, USA). Cells were then stained with the following antibodies: lineage cocktail (CD3 – clone 
17A2, Ly-6G/Ly-6C – clone RB6-8C5, CD11b – clone M1/70, CD45R/B220 – clone RA3-6B2, and TER-119 – clone 
Ter-119), cKit (CD117)-APC-Cy7 (clone 2B8), Sca1 (Ly-6A/E)– APC (clone D7), CD150 (SLAM)– PE-Cy7 (clone 
TC15-12F12.2), CD48-PerCP-Cy5.5 (clone HM48-1), CD34-FITC (clone RAM34) and CD16/32-PE (clone 93). 
Populations of interest were sorted using a FACS-Aria III (BD Biosciences, San Jose, CA, USA).

primary cell culture. Primary cells were cultured in Biotarget-1 serum-free medium supplemented with 2% 
L-glutamine, 1% penicillin-streptomycin, 1 mM sodium pyruvate, 1% nonessential amino acid solution (all from 
Biological Industries, Beit Haemek, Israel), 0.06 mM 2-mercaptoethanol (Sigma-Aldrich) and 2 ng/ml doxycy-
cline. The cytokines (PeproTech, Rehovot, Israel) that were added to the growth medium were as follows: murine 
SCF, murine TPO, murine IL-3 and murine FLT3L (all 10 ng/ml).

LV transduction in the presence of csH. Sorted primary cells were cultured overnight in medium 
as described above. Transduction with VSVG pseudotype LVs was performed 24 hours later. CsH (final 
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concentration 8 µM, unless stated otherwise) or DMSO was added immediately after cell sorting or simultane-
ously with the LVs and removed after transduction. For spinfection (spinoculation), cells were centrifuged at 
1,200 g for 25 minutes at RT. Following centrifugation, the medium was replaced with fresh medium containing 
CsH or DMSO, and the cells were incubated for an additional 24 hours in the presence of these compounds prior 
to transplantation into lethally irradiated recipients.

flow cytometric analysis. Cells were washed and resuspended in PBS supplemented with 2 mM EDTA 
and 2% FCS (foetal calf serum). PI (propidium iodide) or DAPI was used for the detection of viable cells. The 
fluorescence intensities of individual cells were measured using a Gallios flow cytometer (Beckman-Coulter, Brea, 
CA, USA) or a NovoCyte flow cytometer (ACEA Biosciences, San Diego, CA, USA). Data were analysed and 
visualized using Kaluza analysis software (Beckman-Coulter).

Mice, transplantation, and bleeding. All experiments involving mice were carried out according 
to the ethical guidelines following the approval of the Ben-Gurion University and of the Israel Animal Care 
and Use Committees (approvals #IL-27-05-2013 and #IL-01-01-2017). Congenic F1 (CD45.1/2) or CD45.1 
(JAX 2014) recipients were lethally irradiated prior to transplantation. LV-transduced cells were injected 
intravenously together with whole BM CD45.1 or F1 competitor cells. Peripheral blood was taken from the 
tail at designated time points, and lysis of red blood cells was performed using ACK lysis buffer. Cells were 
stained with CD45.2-Pacific Blue and CD45.1-PE/Cy7 antibodies and analysed using a Gallios flow cytometer 
(Beckman-Coulter).

Results
csH enhances the LV transduction of murine BM HScs and progenitors. In order to 
quantify the effect of CsH on the LV transduction of primitive murine haematopoietic cells, we puri-
fied granulocyte-monocyte progenitors (GMPs, Lin−Sca1−cKit+CD34+CD16/32hi population) and HSCs 
(Lin−Sca1+cKit+CD48−CD150+CD34−/low cells) from the bone marrows of C57BL/6 mice and transduced 
them with an LV expressing fluorescent reporter (Fig. 1A). CsH or DMSO as a control was added at the time of 
transduction. The expression of the fluorescent reporter was assessed using flow cytometry after a week of cul-
ture. In agreement with previously published data, CsH significantly improved the efficiency of vector delivery 
(Fig. 1B–D)44.

Multi-vector infection further benefits from the use of CsH. We then sought to check the effect of 
CsH on the simultaneous delivery of several LV vectors into primitive haematopoietic cells. Purified HSCs or 
GMPs were transduced with a mixture of three LVs simultaneously. Each of the LVs was designed to express 
ZsGreen, mCherry, or RFP670 fluorescent protein. CsH or DMSO was added during transduction as described 
above, and the cells were analysed using flow cytometry 4 days later (Figs. 2, 3 and Supplementary Fig. S3). CsH 
led to a highly significant increase in the expression of each of these reporters (Figs. 2A–D and 3A–D) and, more 
importantly, increased the percentage of cells expressing all three fluorescent proteins simultaneously from less 
than 1% to an average of 2–3% in both cell populations (from an average of 0.85% to an average of 2.95% in 
GMPs and from an average of 0.33% to an average of 1.98% in HSCs, Figs. 2E and 3E). Interestingly, prolonged 
exposure of GMPs to the chemical resulted in an even more robust increase in the efficiency of LV transduc-
tion (Fig. 4) and had a dramatic effect on the rates of multi-vector infection (an increase in the percentages of 
triple-positive cells to an average of 19.5%, Fig. 4E). We also found that incubation with CsH prior to transduc-
tion without subsequent addition of the chemical had similar effects to exposure to CsH simultaneously with 
the addition of LVs (Fig. 4). However, our results indicate that while benefiting the infection rates, both a higher 
concentration and prolonged exposure to CsH can significantly decrease the expansion of murine HSPCs (LSK) 
in culture (Supplementary Fig. S2). Our observations also suggest that higher CsH concentrations might cause 
acute death of these cells (Supplementary Fig. S1). Taken together, our data show that CsH is a potent facilitator 
of multi-vector delivery into primary murine HSCs and GMPs, but the protocol should be optimized to achieve 
sufficient transduction rates while maintaining satisfactory cell numbers and properties.

csH-enhanced transduction does not limit transplantation into immune-competent recipients.  
Finally, we wanted to examine whether the effect of CsH on LV transduction into primitive murine haemato-
poietic cells persists upon transplantation and how the use of the compound affects the functional properties of 
HSCs in vivo. Isolated CD45.2 HSPCs were transduced with a mixture of the three LVs, as described above, in the 
presence of CsH or DMSO and transplanted into congenic CD45.1 recipients together with CD45.1 whole BM 
competitor cells. The chimerism and expression of reporters in donor-derived cells from peripheral blood (PB) 
were assessed at different time points post-transplantation. The total chimerism of CsH-treated HSPCs was sim-
ilar to that of controls, showing no statistical difference at 16 weeks post-transplantation (Fig. 5C). Importantly, 
unlike the mice under xenotransplantation settings, congenic immune-competent recipients were used in our 
experiments. Analysis of LV-derived fluorescence in PB CD45.2+ cells revealed that LV transductions with simul-
taneous CsH administration resulted in higher rates of cells positive for each of the reporters than transduc-
tions performed without CsH (Fig. 5A,B,D–F). The triple-positive fraction was also higher in mice that received 
CsH-treated cells than in the groups that received cells treated with DMSO (Fig. 5G). The elevated frequencies of 
reporter-positive cells were sustained over time, but often with no statistical significance due to the high variance 
between animals in each group. The transplantation data demonstrate that the CsH-mediated enhanced LV trans-
duction of murine HSPCs is retained in terms of transgene expression in vivo, and using a fine-tuned protocol did 
not decrease the long-term repopulation potency.
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Discussion
The introduction of a transgene into HSCs is important for research and even more so for clinical applica-
tion purposes. HSC transplantation can effectively regenerate the blood and immune system for life, so any 
improvement in the ability to modify these cells ex vivo may be directly translated into a benefit for the patients 

Figure 1. CsH increases the efficiency of lentiviral transduction of murine HSPCs in vitro. HSCs 
(hematopoietic stem cells; defined here as LSK+CD48−CD150+CD34low cells) or GMPs (granulocyte-monocyte 
progenitors; defined here as LK+CD34+CD16/32hi cells) were isolated from murine BM, transduced with LVs 
designed to express a fluorescent reporter (HSCs – MOI 190; GMPs – MOI 100), incubated in the presence of 
LVs and CsH/DMSO for 24 hours, and cultured for 7 days. The percentage of cells expressing the fluorescent 
reporter was determined using flow cytometry. (A) Schematic representation of the experimental settings.
(B) Representative FACS plots of transduced GMPs (left panels) or HSCs (right panels) incubated in the 
presence of DMSO (top panels) or CsH (bottom panels). The percentage of positive cells was quantified relative 
to uninfected controls (not shown). Data were collected from three independent experiments (n = 3), and 
triplicate technical replicates were used within the experiments. (C,D) Quantification of transduction efficiency 
for GMPs (C) and HSCs (D); the results are shown as the means ± SDs. Statistical significance was calculated by 
an unpaired t-test. *p ≤ 0.05, **p ≤ 0.01.
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Figure 2. CsH increases the efficiency of multi-vector transduction of primitive murine GMPs in vitro. GMPs 
were sorted from murine BM, transduced with a mix of LVs designed to express ZsGreen, mCherry or RFP670 
fluorescent reporters, incubated with LVs and CsH/DMSO for 24 hours, and cultured for 4 days. The percentage 
of cells expressing fluorescent reporters was determined using flow cytometry. (A) Representative FACS plots 
for reporter-derived fluorescence in uninfected (no LVs, left) and triple-infected (LV mix) cells. ZsGreen and 
RFP670 were gated first (middle plots), and then the expression of mCherry in the ZsGreen+RFP+ population 
was assessed (right plots). The results from DMSO-treated controls and samples treated with CsH are shown 
in the top and bottom plots, respectively. Separate plots showing the total fraction of mCherry-positive cells 
are presented in Supplementary Fig. 3. Data were collected from four independent experiments (n = 4), and 
triplicate technical replicates were used within the experiments. (B–E) Quantification of each single colour (B–
D) and of the triple-transduced cells (E). MOI values: ZsGreen – 30, mCherry – 25, and RFP670–15. The results 
are presented as the means ± SDs. Statistical significance was calculated using an unpaired t-test. ***p ≤ 0.001.
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Figure 3. CsH increases the efficiency of multi-vector transduction of murine HSCs in vitro. HSCs were sorted 
from murine BM, transduced with a mix of LVs designed to express ZsGreen, mCherry or RFP670 fluorescent 
reporters, incubated with LVs and CsH/DMSO for 24 hours, and cultured for 4 days. The percentage of cells 
expressing fluorescent reporters was determined using flow cytometry (A) Representative FACS plots for 
reporter-derived fluorescence in uninfected (no LVs, left) and triple-infected (LV mix) cells. ZsGreen and 
RFP670 were gated first (left plots), and then the expression of mCherry in the ZsGreen+RFP+ population 
was assessed (right plots). The results from DMSO-treated controls and samples treated with CsH are shown 
in the top and bottom plots, respectively. Separate plots showing the total fraction of mCherry-positive cells 
are presented in Supplementary Fig. 3. Data were collected from four independent experiments (n = 4), and 
triplicate technical replicates were used within the experiments. (B–E) Quantification of each single colour (B–
D) and of the triple-transduced cells (E). MOI values: ZsGreen – 50, mCherry – 40, and RFP670–25. The results 
are presented as the means ± SDs. Statistical significance was calculated using an unpaired t-test. *p ≤ 0.05, 
**p ≤ 0.01.
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Figure 4. Additional preincubation with CsH further increases the efficiency of multi-vector transduction 
into primary murine GMPs. GMPs were sorted from murine BM, transduced with a mix of LVs designed to 
express ZsGreen, mCherry or RFP670 fluorescent reporters, and incubated in the presence of DMSO or CsH 
for 24 hours. Following the initial incubation, cells were exposed to the mixture of LVs encoding ZsGreen, 
mCherry or RFP670 fluorescent reporters and incubated with LVs and DMSO/CsH for an additional 24 hours. 
Cells were cultured for 6 days, and the percentage of cells expressing fluorescent reporters was determined 
using flow cytometry. (A) Representative FACS plots for reporter-derived fluorescence. ZsGreen and RFP670 
were gated first (top plots), and then the expression of mCherry in the ZsGreen+RFP+ population was assessed 
(bottom plots). Data were collected from four independent experiments (n = 4), and triplicate technical 
replicates were used within the experiments. (B–E) Quantification of each single colour (B–D) and of the triple-
transduced cells (E). MOI values: ZsGreen – 20, mCherry – 25, and RFP670–20. The results are presented as the 
means ± SDs. Statistical significance was calculated using an unpaired t-test. ***p ≤ 0.001.
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Figure 5. The CsH-mediated increase in the efficiency of LV transduction of primitive murine HSPCs persists 
through transplantation. LSK (Lin−cKit+Sca1+) cells were isolated from the BM of CD45.2 mice, transduced 
with a mix of LVs designed to express ZsGreen, mCherry or RFP670 fluorescent reporters using spinoculation 
(see Materials and methods) (MOI values: ZsGreen – 42, mCherry – 28, and RFP670–17), incubated in the 
presence of CsH/DMSO for 24 hours and injected into lethally irradiated CD45.1 recipients together with whole 
BM CD45.1 competitor cells (3 mice in each group). The expression of fluorescent reporters and chimerism in 
the peripheral blood (PB) were assessed at various time points using flow cytometry. (A) Representative plots 
showing the proportion of donor-derived cells and the expression of fluorescent reporters in a mouse from 
the control group (top panel) vs the CsH group (bottom panel) 16 weeks post-injection. Cells expressing all 
three fluorescent reporters were identified by assessing the proportion of cells positive for mCherry out of the 
population of cells positive for both ZsGreen and RFP670. (B) The proportion of cells expressing mCherry out 
of total donor-derived (CD45.2+) cells. Data were collected from three independent experiments (n = 3), and 
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in need. However, many trials have encountered difficulties in genetically manipulating HSCs efficiently45–47. 
Understanding the resistance mechanisms and developing methods to overcome them will help many researchers 
and impact the broader perspectives of stem cell utilization in regenerative medicine. In this study, we confirmed 
a recent discovery of CsH as a potent enhancer of LV transduction in HSPCs.

The resistance of HSCs to LV transduction has been reported by multiple studies42,44,48,49. Not surprisingly, 
attempts to increase the efficiency have focused on innate immune mechanisms, and findings related to CsA and 
rapamycin followed this line of protocols42,49. Such protocols had a fine balance between increased transduc-
tion rates and sustained potency of the HSCs, as the protocols were ultimately tested in long-term multilineage 
transplantation settings. Importantly, while ex vivo assays may suggest many of the parameters, transplantation 
is required as an ultimate HSC function test. In addition to viability, phenotypic appearance, proliferation and 
differentiation potency, there are also issues of homing and interactions with the host immune system. Even with 
the most recent advanced molecular analysis, there is a critical need for an actual functional assay. Petrillo and 
colleagues44 recently reported that CsH, a metabolic derivative of CsA, increased HSC transduction efficiency 
while sustaining their potency. We confirmed these findings and extended them into strategies using multi-vector 
transduction of better-defined stem and progenitor populations. Petrillo et al. impressively demonstrated the 
ability of CsH-treated human HSPCs to engraft immune-deficient mice44, and we show that this is also true for 
murine HSPCs in congenic immune-competent recipients, confirming the ability of CsH-treated cells to sustain 
their functional properties. HSCs are functionally heterogeneous50. The high variance between individually trans-
planted animals in our data might stem from the heterogeneity in long-term in vivo activity of individual HSCs.

Since transduction efficiency is a major concern, we further tested some modifications to the CsH proto-
col. Our findings suggest that the use of higher concentrations or prolonged exposure to CsH can yield higher 
transduction rates but might have a cytotoxic effect. Therefore, we highlight the importance of fine-tuning 
CsH protocols according to specific purposes. Importantly, our data show that pretreatment can significantly 
enhance the transduction rates, in agreement with the published mechanism by which CsH reduces IFITM344. 
Quiescence is a hallmark of HSCs, and less metabolically active cells have been reported to have higher trans-
plantation potency51,52. Nevertheless, extended exposure to CsH, especially when culture conditions may push 
the cells to divide, can have a cytotoxic effect. Moreover, some applications may actually require cell division, 
such as genomic manipulations that rely on homologous recombination mechanisms53–55. Therefore, one must be 
cautious when using CsH according to specific purposes. CsH treatment can be easily limited to the time of viral 
transduction, possibly as short as one hour if expedited spinfection is used56. Interestingly, the anti-proliferative 
effect of CsH suggests a positive potency-retention effect, as enforced cell division has been correlated with 
reduced potential in HSCs57–60.

HSCs have been at the forefront of research on adult stem cells for over a century1. Bone marrow transplanta-
tion saves the lives of tens of thousands of patients every year worldwide2. However, our limited ability to geneti-
cally manipulate HSCs is an obstacle for research and clinical applications. Autologous HSC transplantation with 
stable transgenes will directly provide cures for several currently untreated conditions, and improved transgenic 
HSCs will boost research, with a rapid ability to study these adult stem cells and their haemato-immune progeny 
in vivo. We confirmed the findings of a recent publication showing the ability of CsH to enhance HSC transduc-
tion with LVs and extend these findings by showing multi-vector expression in murine cells transplanted into 
congenic immune-competent hosts. This protocol will help many researchers, with further fine-tuning allowing 
for high transgene expression while sustaining the true potency of adult stem cells.

Data availability
The authors declare that all data supporting the findings of this study are available within the article or from the 
corresponding authors upon reasonable request.

Received: 8 July 2019; Accepted: 13 January 2020;
Published: xx xx xxxx

References
 1. Doulatov, S., Notta, F., Laurenti, E. & Dick, J. E. Hematopoiesis: A human perspective. Cell Stem Cell 10, 120–136 (2012).
 2. Copelan, E. A. Hematopoietic Stem-Cell Transplantation. N. Engl. J. Med. 354, 1813–1826 (2006).
 3. Naldini, L. Genetic engineering of hematopoiesis: current stage of clinical translation and future perspectives. EMBO Mol. Med. 11, 

(2019).
 4. Ferrua, F. et al. Lentiviral haemopoietic stem/progenitor cell gene therapy for treatment of Wiskott-Aldrich syndrome: interim 

results of a non-randomised, open-label, phase 1/2 clinical study. Lancet Haematol. 6, e239–e253 (2019).
 5. Mostoslavsky, G. et al. Efficiency of transduction of highly purified murine hematopoietic stem cells by lentiviral and oncoretroviral 

vectors under conditions of minimal in vitro manipulation. Mol. Ther. 11, 932–940 (2005).
 6. Naldini, L. et al. In vivo gene delivery and stable transduction of post mitotic cells by a lentiviral vector. Science. 272, 263–267 (1996).
 7. Challen, G. A., Boles, N., Lin, K. K.-Y. & Goodell, M. A. Mouse hematopoietic stem cell identification and analysis. Cytometry. A 75, 

14–24 (2009).
 8. Lee-Six, H. et al. Population dynamics of normal human blood inferred from somatic mutations. Nature 561, 473–478 (2018).
 9. Athanasopoulos, T., Munye, M. M. & Yáñez-Muñoz, R. J. Nonintegrating Gene Therapy Vectors. Hematol Oncol Clin N Am 31, 

753–770 (2017).
 10. Pei, W. et al. Polylox barcoding reveals haematopoietic stem cell fates realized in vivo. Nature 548, 456–460 (2017).

triplicate technical replicates were used within the experiments. (C–G) Quantification of the percentages of 
CD45.2+ cells (C), cells expressing each fluorescent protein (D–F), and cells expressing all three reporters (G) 
in the PB of control or CsH mice at various time points post-transplantation. The results are presented as the 
means ± SDs. Statistical significance was calculated by an unpaired t-test. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

https://doi.org/10.1038/s41598-020-58724-x


1 0Scientific RepoRtS |         (2020) 10:1812  | https://doi.org/10.1038/s41598-020-58724-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

 11. Papapetrou, E. P., Ziros, P. G., Micheva, I. D., Zoumbos, N. C. & Athanassiadou, A. Gene transfer into human hematopoietic 
progenitor cells with an episomal vector carrying an S/MAR element. Gene Ther. 13, 40–51 (2006).

 12. Song, L. et al. High-Efficiency Transduction of Primary Human Hematopoietic Stem Cells and Erythroid Lineage-Restricted 
Expression by Optimized AAV6 Serotype Vectors In Vitro and in a Murine Xenograft Model In Vivo. PLoS One 8, e58757 (2013).

 13. Toneguzzo, F. & Keating, A. Stable expression of selectable genes introduced into human hematopoietic stem cells by electric field-
mediated DNA transfer. Proc. Natl. Acad. Sci. 83, 3496–3499 (1986).

 14. Mandal, P. K. et al. Efficient Ablation of Genes in Human Hematopoietic Stem and Effector Cells using CRISPR/Cas9. Cell Stem Cell 
15, 643–652 (2014).

 15. Hendel, A. et al. Chemically modified guide RNAs enhance CRISPR-Cas genome editing in human primary cells. Nat. Biotechnol. 
33, 985–989 (2015).

 16. Gazit, R. et al. Fgd5 identifies hematopoietic stem cells in the murine bone marrow. J. Exp. Med. 211, 1315–1331 (2014).
 17. Chen, J. Y. et al. Hoxb5 marks long-term haematopoietic stem cells and reveals a homogenous perivascular niche. Nature 530, 

223–227 (2016).
 18. Glimm, H. et al. Previously undetected human hematopoietic cell populations with short-term repopulating activity selectively 

engraft NOD/SCID-β2 microglobulin–null mice. J. Clin. Invest. 107, 199–206 (2001).
 19. Benveniste, P. et al. Intermediate-Term Hematopoietic Stem Cells with Extended but Time-Limited Reconstitution Potential. Cell 

Stem Cell 6, 48–58 (2010).
 20. Notta, F. et al. Isolation of single human hematopoietic stem cells capable of long-term multilineage engraftment. Science 333, 

218–21 (2011).
 21. Boitano, A. E. et al. Aryl Hydrocarbon Receptor Antagonists Promote the Expansion of Human Hematopoietic Stem Cells. Science. 

329, 1345–1348 (2010).
 22. Fares, I. et al. Cord blood expansion. Pyrimidoindole derivatives are agonists of human hematopoietic stem cell self-renewal. Science 

345, 1509–12 (2014).
 23. Sugimura, R. et al. Haematopoietic stem and progenitor cells from human pluripotent stem cells. Nature 545, 432–438 (2017).
 24. Sandler, V. M. et al. Reprogramming human endothelial cells to haematopoietic cells requires vascular induction. Nature 511, 

312–318 (2014).
 25. Lis, R. et al. Conversion of adult endothelium to immunocompetent haematopoietic stem cells. Nature 545, 439–445 (2017).
 26. Riddell, J. et al. Reprogramming committed murine blood cells to induced hematopoietic stem cells with defined factors. Cell 157, 

549–64 (2014).
 27. Aljurf, M. et al. Worldwide Network for Blood and Marrow Transplantation (WBMT) special article, challenges facing emerging 

alternate donor registries. Bone Marrow Transplant. 1, https://doi.org/10.1038/s41409-019-0476-6 (2019).
 28. Vannucci, L., Lai, M., Chiuppesi, F., Ceccherini-Nelli, L. & Pistello, M. Viral vectors: a look back and ahead on gene transfer 

technology. New Microbiologica 36, (2013).
 29. Farley, D. C. et al. Factors that influence VSV-G pseudotyping and transduction efficiency of lentiviral vectors—in vitro andin vivo 

implications. J. Gene Med. 9, 345–356 (2007).
 30. Orzalli, M. H. & Knipe, D. M. Cellular sensing of viral DNA and viral evasion mechanisms. Annu. Rev. Microbiol. 68, 477–92 (2014).
 31. Braciale, T. J. & Hahn, Y. S. Immunity to viruses. Immunol. Rev. 255, 5–12 (2013).
 32. Teijaro, J. R. Type I interferons in viral control and immune regulation. Curr. Opin. Virol. 16, 31–40 (2016).
 33. Essers, M. A. G. et al. IFNα activates dormant haematopoietic stem cells in vivo. Nature 458, 904–908 (2009).
 34. Haas, S. et al. Inflammation-Induced Emergency Megakaryopoiesis Driven by Hematopoietic Stem Cell-like Megakaryocyte 

Progenitors. Cell Stem Cell 17, 422–434 (2015).
 35. Hirche, C. et al. Systemic Virus Infections Differentially Modulate Cell Cycle State and Functionality of Long-Term Hematopoietic 

Stem Cells In Vivo. Cell Rep. 19, 2345–2356 (2017).
 36. Nagai, Y. et al. Toll-like Receptors on Hematopoietic Progenitor Cells Stimulate Innate Immune System Replenishment. Immunity 

24, 801–812 (2006).
 37. Bujanover, N. et al. Identification of immune-activated hematopoietic stem cells. Leukemia 32, 2016–2020 (2018).
 38. Englund, J., Feuchtinger, T. & Ljungman, P. Viral infections in immunocompromised patients. Biol. Blood Marrow Transplant. 17, 

S2–5 (2011).
 39. Borel, J. F. Comparative study of in vitro and in vivo drug effects on cell-mediated cytotoxicity. Immunology 31, 631 (1976).
 40. Dreyfuss, M. M. & Chapela, I. H. Potential of Fungi in the Discovery of Novel, Low-Molecular Weight Pharmaceuticals. Discov. Nov. 

Nat. Prod. with Ther. Potential 49–80, https://doi.org/10.1016/B978-0-7506-9003-4.50009-5 (1994).
 41. Tedesco, D. & Haragsim, L. Cyclosporine: a review. J. Transplant. 2012, 230386 (2012).
 42. Petrillo, C. et al. Cyclosporin a and rapamycin relieve distinct lentiviral restriction blocks in hematopoietic stem and progenitor cells. 

Mol. Ther. 23, 352–62 (2015).
 43. Franke, E. K. & Luban, J. Inhibition of HIV-1 Replication by Cyclosporine A or Related Compounds Correlates with the Ability to 

Disrupt the Gag–Cyclophilin A Interaction. Virology 222, 279–282 (1996).
 44. Petrillo, C. et al. Cyclosporine H Overcomes Innate Immune Restrictions to Improve Lentiviral Transduction and Gene Editing In 

Human Hematopoietic Stem Cells. Cell Stem Cell 23, 820–832.e9 (2018).
 45. Clément, F. et al. Stem cell manipulation, gene therapy and the risk of cancer stem cell emergence. Stem cell Investig. 4, 67 (2017).
 46. Dighe, N. M. et al. A comparison of intrauterine hemopoietic cell transplantation and lentiviral gene transfer for the correction of 

severe β-thalassemia in a HbbTh3/+ murine model. Exp. Hematol. 62, 45–55 (2018).
 47. Alonso-Ferrero, M. E. et al. Enhancement of mouse hematopoietic stem/progenitor cell function via transient gene delivery using 

integration-deficient lentiviral vectors. Exp. Hematol. 57, 21–29 (2018).
 48. Santoni de Sio, F. R., Cascio, P., Zingale, A., Gasparini, M. & Naldini, L. Proteasome activity restricts lentiviral gene transfer into 

hematopoietic stem cells and is down-regulated by cytokines that enhance transduction. Blood 107, 4257–65 (2006).
 49. Wang, C. X. et al. Rapamycin relieves lentiviral vector transduction resistance in human and mouse hematopoietic stem cells. Blood 

124, 913–23 (2014).
 50. Haas, S., Trumpp, A. & Milsom, M. D. Causes and Consequences of Hematopoietic Stem Cell Heterogeneity. Cell Stem Cell 22, 

627–638 (2018).
 51. Unwin, R. D. et al. Quantitative proteomics reveals posttranslational control as a regulatory factor in primary hematopoietic stem 

cells. Blood 107, 4687–4694 (2006).
 52. Simsek, T. et al. The Distinct Metabolic Profile of Hematopoietic Stem Cells Reflects Their Location in a Hypoxic Niche. Cell Stem 

Cell 7, 380–390 (2010).
 53. Porteus, M. Using Homologous Recombination to Manipulate the Genome of Human Somatic Cells. Biotechnol. Genet. Eng. Rev. 24, 

195–212 (2007).
 54. Lucas, D., O’Leary, H. A., Ebert, B. L., Cowan, C. A. & Tremblay, C. S. Utility of CRISPR/Cas9 systems in hematology research. Exp. 

Hematol. 54, 1–3 (2017).
 55. Batzir, N. A., Tovin, A. & Hendel, A. Therapeutic Genome Editing and its Potential Enhancement through CRISPR Guide RNA and 

Cas9 Modifications. Pediatr. Endocrinol. Rev. 14, 353–363 (2017).
 56. Geng, X., Doitsh, G., Yang, Z., Galloway, N. L. K. & Greene, W. C. Efficient delivery of lentiviral vectors into resting human CD4 T 

cells. Gene Ther. 21, 444–9 (2014).

https://doi.org/10.1038/s41598-020-58724-x
https://doi.org/10.1038/s41409-019-0476-6
https://doi.org/10.1016/B978-0-7506-9003-4.50009-5


1 1Scientific RepoRtS |         (2020) 10:1812  | https://doi.org/10.1038/s41598-020-58724-x

www.nature.com/scientificreportswww.nature.com/scientificreports/

 57. Bernitz, J. M., Kim, H. S., MacArthur, B., Sieburg, H. & Moore, K. Hematopoietic Stem Cells Count and Remember Self-Renewal 
Divisions. Cell 167, 1296–1309.e10 (2016).

 58. Qiu, J., Papatsenko, D., Niu, X., Schaniel, C. & Moore, K. Divisional history and hematopoietic stem cell function during 
homeostasis. Stem cell reports 2, 473–90 (2014).

 59. Wilson, A. et al. Hematopoietic Stem Cells Reversibly Switch from Dormancy to Self-Renewal during Homeostasis and Repair. Cell 
135, 1118–1129 (2008).

 60. Foudi, A. et al. Analysis of histone 2B-GFP retention reveals slowly cycling hematopoietic stem cells. Nat. Biotechnol. 27, 84–90 
(2009).

Acknowledgements
The authors want to thank Dr. Uzi Hadad of the BGU FACS unit for his expert help and Mrs. Lenore Gaulton for 
help in editing the manuscript. This study was supported by grants ICRF #16-1232-RCDA and MOST #54180.

Author contributions
L.O. and R.G. designed the study and performed experiments. L.O., N.B. and O.G. collected and analysed the 
data. L.O., O.S. and R.G. wrote the manuscript.

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58724-x.
Correspondence and requests for materials should be addressed to R.G.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-020-58724-x
https://doi.org/10.1038/s41598-020-58724-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Cyclosporine H Improves the Multi-Vector Lentiviral Transduction of Murine Haematopoietic Progenitors and Stem Cells
	Materials and Methods
	Isolation of primary stem cells and progenitors. 
	Primary cell culture. 
	LV transduction in the presence of CsH. 
	Flow cytometric analysis. 
	Mice, transplantation, and bleeding. 

	Results
	CsH enhances the LV transduction of murine BM HSCs and progenitors. 
	Multi-vector infection further benefits from the use of CsH. 
	CsH-enhanced transduction does not limit transplantation into immune-competent recipients. 

	Discussion
	Acknowledgements
	Figure 1 CsH increases the efficiency of lentiviral transduction of murine HSPCs in vitro.
	Figure 2 CsH increases the efficiency of multi-vector transduction of primitive murine GMPs in vitro.
	Figure 3 CsH increases the efficiency of multi-vector transduction of murine HSCs in vitro.
	Figure 4 Additional preincubation with CsH further increases the efficiency of multi-vector transduction into primary murine GMPs.
	Figure 5 The CsH-mediated increase in the efficiency of LV transduction of primitive murine HSPCs persists through transplantation.




