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CRISPR has accelerated basic research and therapeutic development. Its modular nature 
means it can be adapted to study and potentially treat nearly any genetic disease, 
including major killers like cancer and sickle cell anemia. The potential for CRISPR to 
transform medicine with highly precise, potentially one-off treatment options has given 
hope to those suffering from chronic and debilitating illness. Here we discuss some of the 
newest methods of using CRISPR in a clinical environment. In particular, we explore 
promising ex vivo and in vivo results, as well as active clinical trials.

Making Recombinant Antibodies with CRISPR
CRISPR has been used to generate recombinant antibodies for use in bioproduction and, 
potentially, therapeutic development. In a 2016 study by Cheong et al., CRISPR-induced 
nonhomologous end joining (NHEJ) led to class-switch recombination (CSR) in several in 
vitro and in vivo models (Cheong et al. 2016). CSR is a process wherein a segment of the 
DNA coding for the constant heavy chain of the immunoglobulin is deleted while the 
variable chain, specifying the antigen target of the antibody, remains the same. An 
example might be an IgM with a surface protein antigen receptor undergoing CSR so that 
is now an IgG that targets the same surface proteins. Some antibody classes may be more 
amenable to in-patient therapy depending on context (Tchoudakova et al. 2009).
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CRISPR-mediated class-switch recombination (CSR) changes the heavy (constant) chain 
of the antibody while keeping the light (antigen binding) chain the same.

To demonstrate CRISPR-mediated CSR, Cheong and authors first targeted activation-
induced cytidine deaminase (AID)-deficient mouse primary B cells using a retroviral 
delivery system to switch IgM antibodies to IgG1 antibodies (1% conversion efficiency). 
The team then looked at IgM+ hybridoma cells and again converted IgM antibodies to 
IgG1 using CRISPR-induced CSR (~6% conversion efficiency). A similar system was 
carried over to a variety of human cell lines where CSR was induced at frequencies of 
1-60%. The team also attempted to induce consecutive CSR class switching in human 
JEKO-1 cells and found they could convert IgM to IgG1 or IgG3 antibodies, then IgG1/3 to 
IgA, all at similar efficiencies (Cheong et al. 2016)

Inducing CSR with CRISPR is a relatively simple way to facilitate antibody production. As 
the authors note, researchers often discard IgM-producing cell lines in favor of commonly-
used IgG clones; CRISPR could improve the efficiency of IgG antibody production by 
converting IgM cell lines into IgG lineages. CRISPR-induced CSR in hybridomas may also 
provide basic research and clinical avenues for modular antibody subclass production. 
Finally, Cheong et al. also found that CRISPR could be used to generate Fab’ fragments 
instead of entire antibodies (Cheong et al. 2016). Fab’ fragments show potential in both an 
experimental context and as a component in next-generation drug delivery (Deonarain et 
al. 2015).

CRISPR Editing Patient-Derived Stem Cells
One of the most exciting approaches to clinical use of CRISPR technology is cell 
replacement therapy. In one 2015 paper, the authors used CRISPR to revert large 
inversions associated with a rare disease — hemophilia A. Park et al. accomplished this by 
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generating induced pluripotent stem cells (iPSCs) from patient-derived epithelial samples. 
They then targeted regions flanking the inversions, allowed the cells to repair the break 
and then selected for single colonies featuring the chromosomal reversions. When the 
corrected cells were injected into immunocompromised hemophilia A mouse models, a 
healthy phenotype was restored (Park et al. 2015).

Autologous iPSC therapy uses somatic cells from the patient to generate and edit stem 
cells for reinjection.

In 2016, patient-derived iPSCs were used in a study looking for therapeutic approaches to 
a more common disease of the blood, β-thalassemia, caused by deleterious mutations in 
β-globin (HBB). In this report, Ou and authors generated iPSCs from somatic patient cells. 
Then, they corrected a disease-causing deletion with homology-directed repair (HDR) in 
vitro. In accordance with prior studies, they differentiated these corrected iPSCs into 
hematopoietic stem cells. Injecting these differentiated samples into immunodeficient 
NOD-scid-IL2Rg−/− mice restored normal HBB expression (Ou et al. 2016).

Notably, this ex vivo patient-centric approach contrasts with other studies in β-thalassemia. 
Ou and the authors discuss how direct in vivo HDR-based editing of HBB has shown 
promise, but that until their paper, it was unclear whether an iPSC-based ex vivo approach 
would work (Ou et al. 2016). Of note, using an alternative to direct editing in the host 
meant the team could bypass common delivery and specificity pitfalls of in vivotherapeutic 
development.

CRISPR Editing for Immunotherapy

The first clinical trials using CRISPR also utilize an ex vivo editing approach. In this 
method, called CAR T therapy, T cells are taken from donors (allogeneic) or the patients 
themselves (autologous), edited with CRISPR to target specific disease tissue and 
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(re)introduced to the patient. A comparison of autologous and allogeneic approaches will 
be discussed later. Researchers at the University of Pennsylvania in the United States and 
at Sichuan University in China have announced independent CAR T therapeutic studies, 
the latter of which has already been approved by the FDA for Phase I clinical trials.

In autologous CAR T therapy, T cells from the patient are edited and reinjected to combat 
disease.

The work at UPenn is led by the laboratory of Carl June, MD. He and his team 
demonstrated the efficiency of CRISPR-edited CAR T cells in 2016. Their preclinical study 
showed that genome-edited CAR T cells were at least as efficient at attacking tumors as 
virally-produced CAR T cells. Further, they found that the edited cells, which featured 
knockouts of the T cell receptor (TCR) and the HLA class I molecule genes, were less 
likely to induce an immune response and rejection by the host. Finally, when the team also 
targeted PD1 (a receptor which makes T cells susceptible to suppression), they found that 
the edited CAR T cells became even more efficient at targeting tumor tissue (Ren et al. 
2016).

At Sichuan University, Lu You, MD, is evaluating the efficacy of CRISPR-generated CAR T 
in treating terminal non-small cell lung cancer. Unlike the study at UPenn, autologous CAR 
T cells will only feature knocked out PD1genes. This is in accordance with past studies 
which showed that drug-based inhibition of PD-1 in T cells can lead to anti-tumor activity 
(Brahmer et al. 2015), possibly due to prevention of the PD-L1 ligand binding to PD-1 
(Garon et al. 2015, Su et al. 2016). The CAR T approach will be combined with a 
chemotherapy drug called cyclophosphamide and a variable number of rounds of 
interleukin-2 (IL-2) administration.
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In allogeneic CAR T therapy, a generalizable donor provides T cells for editing and 
injection into the patient.

Other clinical trials have also emerged using CRISPR-mediated knockout of PD1 in T 
cells. At Peking University in partnership with Cell Biotech, a group led by Yinglu Guo, MD, 
announced three separate trials to treat muscle-invasive bladder cancer, castration 
resistant prostate cancer and metastatic renal cell cancer. A non-
CAR collaboration between Yang Yang and The Affiliated Nanjing Drum Tower Hospital of 
Nanjing University Medical School has also produced a clinical trial of CRISPR-edited T 
cells. The group is headed by Baorui Liu, MD, and will look at the effectiveness of this 
method in treating advanced stage Epstein-Barr virus (EBV) associated malignancies.

Companies such as Novartis and Kite Pharma have also begun developing CAR T 
therapies. Cellectis is likewise approaching the clinic with their allogeneic CAR T cell lines. 
To date, genome-edited CAR T (with TALEN) have already been used to treat cases of 
leukemia in London (Qasim et al. 2017).

The clinical trials at Sichuan University, UPenn and others will measure the safety of ex 
vivo immunotherapy approaches, a particularly contentious point in light of the controversy 
around the United States-based Juno Therapeutics. Those trials did not use CRISPR 
editing but did result in lethal outcomes for some patients.

Further, while CRISPR allows researchers to knock out checkpoint genes that limit the 
effectiveness of T cells, the ramifications of knocking out these genes could lead to an 
unmediated toxic effect in the patient (Lim & June 2017). Yet if CRISPR-generated CAR T 
cells are shown to be more effective, safer alternatives to past CAR T therapies, this 
approach may be brought forward into Phase II and III clinical trials in either an autologous 
or highly-scalable allogeneic manner.

In Vivo Gene Therapy with CRISPR
Ex vivo studies are an exciting first step toward clinical CRISPR applications, but some 
researcher are pushing toward direct CRISPR editing in the patient. The first case of 
correcting disease in an adult animal was published in 2014 by Yin and Xue et al. In that 
proof-of-concept study, the authors injected a plasmid containing CRISPR and a donor into 
live mice targeting the Fah gene. Following liver regeneration, the edits ultimately cured 
the models of tyrosinemia type 1 (Yin, Xue et al. 2014).
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An exciting study in 2016 by Bakondi et al. demonstrated another example of in 
vivo CRISPR therapy in adult mammals, this time pioneering a dominant allele correction. 
Here, a CRISPR system was delivered to rat models of retinitis pigmentosa 
targeting RhoS334. This allele is known to cause retinal degeneration and, eventually, 
diminished visual acuity. When Bakondi and authors introduced their CRISPR system via 
injection and electroporation into the eyes of the rat models, the disease allele was 
ablated; the wild type Rho gene took over to restore a healthy phenotype (Bakondi et al. 
2016).

It should be noted that while this direct editing approach to retinitis pigmentosa was 
successful in the lab, it may be some time before it reaches the clinic due to logistical and 
safety concerns. In the meantime, ex vivoCRISPR editing of iPSCs to treat this disease as 
described in another 2016 paper may be a viable alternative (Bassuk et al. 2016). These 
edited iPSCs have not been grafted in vivo as yet (Bakondi 2016), but early results do 
show promising editing efficiency (Bassuk et al. 2016, Bakondi 2016).

Further Study Is Needed To Bring CRISPR to the Bedside
Both ex vivo and in vivo editing still face hurdles as the approach broad use in medicine. 
Whether CRISPR is delivered by virus, protein, RNA or RNP can impact efficiency and off-
target editing. Many of these factors take on new meaning when the treatment is taken 
from the bench to bedside where patient health is at stake.

Packing Up CRISPR Cargo

Delivery vectors, especially certain viruses, may also struggle with cargo size. Cargo 
refers to the capacity of the viral vector where large elements might not fit in the allotted 
space for packaging. This is particularly important in precise HDR-mediated editing. In that 
case, the donor needs to be delivered to target tissue along with the RNA-guided 
endonuclease (RGEN) and guide. While plasmids do not face this constraint, they can be 
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more difficult to introduce into target organs because they require alternative, nonspecific 
means of introduction (e.g. injection, electroporation).

Cas9 orthologues have emerged since the discovery of Streptococcus pyogenes Cas9 
(SpCas9) that may address cargo packaging concerns. Cas9 variants Neisseria 
meningitidis Cas9 (NmCas9) (Hou et al. 2013) and Staphylococcus aureus Cas9 (SaCas9) 
(Ran et al. 2015) have generated interest for therapeutic use due to their small size 
relative to SpCas9. One study by Kim et al. in 2017 demonstrates the utility of alternative 
RGENs. In their paper, the authors used Campylobacter jejuni Cas9 (CjCas9), thus far the 
smallest known orthologue of the Cas9 nuclease, to treat age-related macular 
degeneration in mice. This factor allowed the authors to pack CjCas9 into the cargo-limited 
adeno-associated virus, or AAV (Kim, Koo, Park et al. 2017). Other researchers have 
looked into other modular approaches to delivery to further alleviate cargo burden on 
viruses like AAV (Akama-Garren, Nikhil S. Joshi et al. 2016).

CRISPR and Delivery-Induced Immune Response

Logistics aside, safety remains a primary barrier to in vivo genome editing. For example, 
some vectors and the CRISPR components they carry may induce a host immune 
response. In one study by Wang, Mou and Li et al. in 2015, the team used an adenoviral 
vector to deliver a CRISPR system targeting the tumor suppressor and nonalcoholic 
steatohepatitis (NASH)-linked Pten in a live mouse model (Wang, Mou, Li et al. 2015).

In their results, the group found that in addition to the standard immune response to 
adenovirus, the mouse liver also developed a humoral response to the expressed Cas9 
protein. Despite this, the group noted that Ptenwas successfully edited in the target tissue, 
contrasting this study with rAAV delivery approaches where immune responses abrogated 
gene editing efficiency in nonhuman primates. The phenotypic traits of Ptenknockout (liver 
swelling, fatty liver disease) were observable four months after injection (Wang, Mou, Li et 
al. 2015).

Off-Target Editing in the Host

Noting the immune response of in vivo models offers some clues on how CRISPR might 
be brought into direct gene therapy applications in the clinic. Viral and nonviral delivery 
methods vary in their transience, efficiency, cytotoxicity and other key characteristics. 
Therefore, the ramifications of long-term expression of CRISPR in a human patient must 
be taken into account when establishing a clinically ready delivery method for use in 
humans.

~  ~7

https://www.ncbi.nlm.nih.gov/pubmed/23940360
https://www.ncbi.nlm.nih.gov/pubmed/28220790
https://www.ncbi.nlm.nih.gov/pubmed/26887506/
https://www.ncbi.nlm.nih.gov/pubmed/26086867


Editing directly in animals or patients may also lead to off-target editing events both in the 
target tissue and surrounding cells. While some viruses can be selected for tissue 
preference (particularly AAV serotypes), others are less selective. Further, the virus will 
continue to express Cas9 after the edits have been made. Even transient, non-integrative 
viral delivery systems like AAV have been detected years after infection (Wang, Mou, Li et 
al. 2015). This long-term expression can lead to immune response and off-target effects.

One paper by Monteys et al. uses the strict PAM-site requirement of Cas9 to exclusively 
delete the mutant huntingtin allele in vitro and in vivo. To do this, they targeted PAM sites 
which contained SNPs only present in the disease gene. The authors note that this was a 
successful strategy to target the mutant allele while leaving wild-type huntingtin intact. 
However, they point out that even with this approach, concerns about off-target effects and 
long-term toxicity due to Cas9 expression may counterbalance potential benefits (Monteys 
et al. 2017).

Conversely, engineering iPSCs or CAR T cells and then reinjecting them into the patient 
means no “live” CRISPR system exists in the patient at any point. Toxicity and off-target 
effects can be addressed before reinjection by ensuring the cell is clear of CRISPR 
components before administration. This doesn’t preclude safety considerations, but it does 
alleviate some of the risk.

On the other hand, patient-based derivation of stem cells can be a tedious process. 
Autologous approaches work well in a therapeutic context because they are unlikely to be 
rejected by the host that they came from. Unfortunately, this may mean cell lines need to 
be derived and edited on a per-patient basis. This raises significant questions in terms 
of scalability and generalizability. Some companies are already attempting to respond to 
this need by creating stocks of genome-edited CAR T cells for general use (termed 
“allogeneic” as they come from donors) using CRISPR and older technologies like TALEN, 
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although immune response and transplantation success still need to be tested (Poirot et al. 
2015, Liu et al. 2017).

Robust Guide Characterization Offers Confident Safety Assessment
Solutions to safety questions are already emerging. Evaluating off-target edits is 
particularly important in the clinic where a small unintended edit may have disease-
causing consequences (e.g. tumorigenesis). Unfortunately, older techniques for specificity 
measurement, such as mismatch cleavage assays, were largely low-throughput and 
imprecise.

The advent of next-generation sequencing (NGS) has helped alleviate this burden due to 
its high-throughput, comprehensive, quantitative output. We’ve discussed some of options 
currently available to researchers to sequence their models before and after the CRISPR 
experiment. In general, these NGS methods fall into unbiased (shallower genome-wide 
search) and biased (deeply targeted sequencing at predicted sites) categories.

The current challenge is to combine these biased and unbiased approaches in a 
standardized manner that can ensure safety with a high level of confidence. One way this 
might be achieved is by using an unbiased method, such as whole genome sequencing, 
with a higher depth of coverage. Another is to use targeted amplicon sequencing for 
increased sensitivity but multiplex the protocol to evaluate multiple putative off-target sites 
at once. Whatever method the research community takes, these lingering questions will 
need to be addressed before CRISPR can receive regulatory approval and move into the 
clinic.
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