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Identification of preexisting adaptive immunity to
Cas9 proteins in humans

CarstenT.Charlesworth', Priyanka S. Deshpande’, Daniel P. Dever', Joab Camarena', Viktor T.Lemgart!,

M. Kyle Cromer!, Christopher A. Vakulskas
Nicole M.Bode ©®?, Mark A.Behlke
BenjaminJ. Lesch’, Natalia Gomez-Ospina
and Matthew H. Porteus ®™

The CRISPR-Cas9 system is a powerful tool for genome edit-
ing, which allows the precise modification of specific DNA
sequences. Many efforts are underway to use the CRISPR-
Cas9 system to therapeutically correct human genetic dis-
eases'°. The most widely used orthologs of Cas9 are derived
from Staphylococcus aureus and Streptococcus pyogenes®’.
Given that these two bacterial species infect the human pop-
ulation at high frequencies®®, we hypothesized that humans
may harbor preexisting adaptive immune responses to the
Cas9 orthologs derived from these bacterial species, SaCas9
(S. aureus) and SpCas9 (S. pyogenes). By probing human
serum for the presence of anti-Cas9 antibodies using an
enzyme-linked immunosorbent assay, we detected antibodies
against both SaCas9 and SpCas9 in 78% and 58% of donors,
respectively. We also found anti-SaCas9 T cells in 78% and
anti-SpCas9 T cells in 67% of donors, which demonstrates a
high prevalence of antigen-specific T cells against both ortho-
logs. We confirmed that these T cells were Cas9-specific by
demonstrating a Cas9-specific cytokine response following
isolation, expansion, and antigen restimulation. Together,
these data demonstrate that there are preexisting humoral
and cell-mediated adaptive immune responses to Cas9 in
humans, a finding that should be taken into account as the
CRISPR-Cas9 system moves toward clinical trials.

Genome editing, a method used to precisely alter the DNA
sequence of a cell, is broadly used as a research tool and is being
developed to create gene therapies to treat human diseases. The
CRISPR-Cas9 system has proven to be a powerful tool for genome
editing because it is relatively simple to use, demonstrates site-
specific activity, and has limited off-target effects'®'!. The CRISPR-
Cas9 system consists of the Cas9 nuclease that, when complexed
with a short guide RNA, can be directed to create a double-stranded
break in a wide variety of DNA sequences in both eukaryotic and
prokaryotic genomes”'’. Therefore, this technology can be adapted
to serve clinical applications through the knockout of target genes
by non-homologous end joining or the incorporation of new DNA
sequences into the genome using homologous recombination.
These techniques are being applied to create new cell therapies,
either through ex vivo editing of cells followed by transplantation
of engineered cells into a patient'~ or through in vivo editing of a
patient’s cells by delivering the CRISPR-Cas9 system using viral vec-
tors (primarily recombinant adeno-associated virus (AAV) vectors)
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or nanoparticles**. For example, substantial progress has been
made in using the system to edit hematopoietic stem cells ex vivo to
treat sickle cell disease’ as well as in vivo to treat conditions such as
muscular dystrophy and retinitis pigmentosa'>~"°.

Although a variety of Cas9 orthologs have been characterized,
the most commonly used ones are derived from S. aureus and
S. pyogenes. Because of its smaller size, which allows it to be more
easily packaged into AAV vectors’, the S. aureus Cas9 ortholog
(SaCas9) has been primarily used for in vivo editing applications.
On the other hand, the S. pyogenes Cas9 ortholog (SpCas9) has been
shown to have great therapeutic potential in the preclinical editing
of cells ex vivo as well as in in vivo editing'~%¢.

S. aureus and S. pyogenes are common human commensals that
can also be pathogenic. Approximately 40% of the human popula-
tion is colonized with S. aureus® and 20% of school-aged children
are colonized with S. pyogenes’, with antibodies and T cells against
both bacteria ocurring in high percentages in adults'’~*". The abun-
dance of S. aureus and S. pyogenes within the human population,
as well as widespread adaptive humoral and cell-mediated immune
responses to both species, raises the possibility that humans
may also have preexisting adaptive immunity to the Cas9 ortho-
logs derived from these bacteria. Prior work, where recombinant
S. aureus Cas9 was expressed in mice, found a clear adaptive
immune response to Cas9, indicating that some Cas9 variants can
serve as antigens in mammals”’.

The presence of preexisting adaptive immune responses in
humans may hinder the safe and efficacious use of CRISPR-Cas9 or
cause significant toxicity when treating patients with the CRISPR-
Cas9 system. In prior gene therapy trials involving patients who
had preexisting adaptive immune responses to the viral vector used,
no therapeutic benefit was derived from the therapy because of
either neutralization of the vector by antibodies*>** or clearance of
transduced cells by cytotoxic T lymphocytes (CTLs)* or from the
expansion of transgene-specific T cells”. Gene therapy suffered a
significant setback when a patient died from a systemic inflamma-
tory response to a gene therapy vector’. Thus, the human adaptive
immune response can be an important barrier to the safety and effi-
cacy of gene therapy and cannot be reliably evaluated using non-
human systems”. If humans have a preexisting adaptive immune
response to Cas9, then Cas9-based therapies could suffer similar
problems. For example, a CTL response against Cas9 would result
in the destruction of cells presenting Cas9 peptides on their major
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Fig. 1] Identification of preexisting humoral immunity to Cas9. a, Top, schematic representation of the workflow used to perform an immunoblot to detect
antibodies against Cas9. Bottom, schematic representation of the workflow used to perform an ELISA to detect antibodies against different antigens.

b, Representative images from the immunoblots performed to detect antibodies against Cas9, which demonstrate a range of responses in different

donors. The ‘+' symbols indicate that a donor was considered positive for antibodies against Cas9; the ‘~' symbols indicate that a donor was considered
negative for antibodies against Cas9. ¢, Results from the ELISA screen performed at a serum dilution of 1:50 to detect antibodies against Cas9 (n=125).
All donors above the dotted line were considered antibody-positive; the line represents the mean absorbance of the negative control, human albumin, plus
three s.d. from the mean. The red dots indicate donors tested for a T cell response to Cas9 and the black bars indicate the mean and s.d. of each dataset.
****P<0.0001 as determined by an unpaired Student'’s t-test. Each antigen was tested for significance against the negative control, human albumin.

d, Bar graph indicating the frequency at which different donors were positive for a humoral response against each antigen, as determined by ELISA.

histocompatibility complex (MHC) cell surface proteins, potentially
eliminating the edited cells and rendering the therapy ineffective®.

In this study, we investigated whether humans possess adaptive
immunity toward the two most commonly used Cas9 orthologs. We
demonstrated that we can clearly detect preexisting humoral and
cellular immunity to both Cas9 orthologs at high frequencies in
humans, which raises a potential barrier to the safe and efficacious
use of Cas9 to treat disease.

To determine whether the human immune system responded
to Cas9 as an antigen, we investigated if we could detect humoral
responses against Cas9. To search for preexisting immunoglobu-
lin G (IgG) antibodies against SaCas9 and SpCas9, we used serum
from human cord blood (the IgG in cord blood reflects the serop-
revalence of an IgG antibody in the mother) to probe for Cas9 using
immunoblot (Fig. 1a). This assay revealed that IgG antibodies to
both SaCas9 and SpCas9 could be detected in human serum. Using
immunoblot to detect seroreactivity against purified Cas9 in 22
cord blood donors, we found that 86% of donors stained positively
for SaCas9 and 73% for SpCas9 (1:10 serum dilution), with some
donors testing positive for one ortholog of Cas9 but not the other.
We then assayed Cas9 antibodies using serum from peripheral
blood drawn from 12 healthy non-pregnant adults. We found anti-
SaCas9 antibodies in 67% of donors and anti-SpCas9 antibodies in
42% of donors (1:10 serum dilution) (Fig. 1b, Table 1, and Extended
Data Fig. 1).
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We developed an enzyme-linked immunosorbent assay (ELISA)
as a higher throughput quantitative method to detect the presence of
antibodies against Cas9 (Fig. 1a). Using human albumin as the nega-
tive control and tetanus toxoid as the positive control, we tested a range
of dilutions of human serum that best allowed the detection of anti-
bodies against antigenic proteins. At each dilution tested (1:10, 1:50,
1:100, 1:1,000), we found a significant difference between the two Cas9
orthologs compared to our negative control (Extended Data Fig. 2;
P<0.001, n=17). We proceeded with a 1:50 dilution in our subse-
quent ELISA assays because it gave the best dynamic range and to
be consistent with other studies”-*>*’. We detected antibodies against
both Cas9 orthologs in 125 adult blood donors. We observed a signifi-
cant difference between the mean absorbance obtained when probing
against each antigenic protein—SaCas9 (1.34), SpCas9 (1.092), and
tetanus toxoid (2.057)—compared with the negative control, human
albumin (0.34) (P<0.0001, n=125) (Fig. 1c,d and Table 1). The cutoff
for determining whether a donor was considered positive or negative
for the presence of antibodies against an antigenic protein was con-
servatively set at the mean absorbance of human albumin plus three
s.d. from the mean*'. Human albumin was found to be normally dis-
tributed by an Anderson-Darling test (P=1). At this cutoff point, we
could detect antibodies against SaCas9 in 78% of donors, SpCas9 in
58% of donors, and tetanus toxoid in 99% of donors with a single false
positive. No correlation could be made between the ELISA results and
age, ethnicity, or sex (Supplementary Tables 1 and 2).
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Table 1| Frequency of antigen-reactive responses detected for each assay

Assay Immunoblot ELISA ELISpot ICS CD137 CD154 T cell T cell T cell negative
positive intermediate

SaCas9+ 68% 78% 55% 66% 88% 94% 78% 17% 6%

SpCas9+ 56% 58% 33% 44%  100% 94% 67% 22% 6%

Tetanus toxoid+ N/A 99% 78% 50% 100% 94% 100% 0% 0%

Total donors 34 125 18 18 18 18 18 18 18

To test whether a preexisting immune response to Cas9 also
existed, we used three different highly sensitive methods to detect
antigen-reactive T cells: interferon-y (IFN-y) enzyme-linked immu-
nospot (ELISpot); intracellular cytokine staining (ICS); and detec-
tion of activated T cells by the expression of CD137 or CD154 on
the cell surface’*.

In each assay, an antigen was added to a mixture of peripheral
blood mononuclear cells (PBMCs) and spontaneously taken up by
antigen-presenting cells (APCs). The antigen was then processed
and expressed as an MHC-peptide complex on the APC surface. If
antigen-reactive T cells are present and recognize the epitopes being
presented, they become activated. This activation can be detected by
the production of cytokines such as IFN-vy, tumor necrosis factor-o
(TNF-a), and interleukin-2 (IL-2), as well as markers of T cell acti-
vation such as CD137 or CD154.

Detecting the release of IFN-y from antigen-reactive T cells by
ELISpot, we found a statistically significant increase in the fre-
quency of cells releasing IFN-y when PBMCs were stimulated with
tetanus toxoid (27.94), SaCas9 (22.25), or SpCas9 (8.25) compared
with an unstimulated control (2.9) (P<0.0001, P=0.002, P=0.02,
n=18; Fig. 2a—c, Table 1, and Extended Data Fig. 4a). We scored
78%, 55%, and 33% of donors positive for T cell reactivity to tetanus
toxoid, SaCas9, and SpCas9, respectively using the ELISpot assay.

We also detected a significant increase in the mean frequency
of antigen-reactive T cells compared with the unstimulated control
using ICS (Fig. 2d,e and Extended Data Figs. 3, 5, 6, and 7). We
found a mean frequency of 1.25X107* cytokine-positive cells in
the unstimulated control compared to 6.2 10~ when SaCas9 was
introduced, 4x 10~ when SpCas9 was introduced, and 5.8x 10
when tetanus toxoid was introduced. We called a donor posi-
tive if the mean percentage of cytokine-positive T cells was three
s.d. from the mean in the unstimulated negative control’’. The

distribution of the unstimulated control was found to be normal
using an Anderson-Darling test (P=0.85). Using these criteria, we
found that 50%, 66%, and 44% of donors were positive for a cyto-
kine response to tetanus toxoid, SaCas9, and SpCas9, respectively
(P=0.03, P=0.0003, P=0.02, respectively, n=18; Fig. 2f, Table 1,
and Extended Data Fig. 4).

Finally, using the CD137 and CD154 activation markers, we
again found that each antigen elicited a statistically significant
increase in the frequency of activation marker-positive T cells
compared with the unstimulated control (Fig. 2e-g and Extended
Data Figs. 3, 5, 6, and 7). Subtracting the background from each
stimulated sample, we found that all donors displayed an increase
in the frequency of T cells that were positive over the baseline for
either CD137 or CD154. We found an average frequency of 0.32%
T cells positive for CD137 and 0.06% for CD154 when stimulated
with tetanus toxoid (P=0.002, P<0.0001, respectively, #=18), and
an average of 0.08% positive for CD137 and 0.04% for CD154 when
stimulated with SaCas9 (P=0.01, NS, respectively, n=18), as well
as an average of 0.14% positive for CD137 and 0.02% when stimu-
lated with SpCas9 (P=0.04, P=0.001, respectively, n =18) (Fig. 2f,g
and Table 1).

To demonstrate antigen specificity to Cas9, we sorted and
expanded activated T cells that had been stimulated with either
SaCas9 or SpCas9 using flow cytometry and then rechallenged
them with their respective Cas9 ortholog or with tetanus toxoid.
We found that expanded T cells had a clear antigen-specific intra-
cellular cytokine response when rechallenged with the appropriate
Cas9 ortholog but not tetanus toxoid (Fig. 3 and Extended Data
Fig. 8). This antigen-specific cytokine response was demonstrated
between donors (n=3) and between technical replicates of donor
213 (n=2). We found that all donors positive for cellular activity
against Cas9 were also positive for antibody activity, except for two

>
>

Fig. 2 | Identification of Cas9-specific T cell responses in humans. a, Schematic outlining the workflow for detecting antigen-reactive T cells by ELISpot.

b, Results from the ELISpot assay. Each donor was tested in replicates of three. The average number of spots from the unstimulated sample was subtracted
from samples that received each different antigen; negative values were set to zero. The red dots indicate donors who did not have a statistically significant
difference in the frequency of spots compared to the unstimulated sample (unpaired Student's t-test, P<0.05). The black text indicates the percentage of
donors with an increase in spots over the unstimulated sample and the red text indicates the percentage of donors with a statistically significant increase
in spots compared with the unstimulated sample. The black bars indicate the mean and 95% confidence interval (Cl) (n=18). SFC, spot-forming cells.

¢, Representative images from the ELISpot assay from a single donor who was positive for an antigen-reactive T cell response to both Cas9 orthologs

and to tetanus toxoid. d, Frequency of T cells that were positive for a cytokine response when each different antigen was added to the culture. Donors
above the dotted line were considered positive for a cytokine response to each antigen. The cutoff was determined by taking the mean frequency of
cytokine-positive T cells in the unstimulated sample and adding three times the s.d. of the mean. The text indicates the percentage of donors that were
positive for a cytokine response to each different antigen. The black bars indicate the mean and 95% Cl. Samples that had no cytokine-positive cells were
set to 0.0001. *P<0.05, ***P < 0.001, paired t-test; each dataset was tested against the unstimulated control for significance (n=18). e, Representative
fluorescence-activated cell sorting (FACS) plots from the same donor as in ¢, who was positive for both cytokine and activation marker responses to

both Cas9 orthologs and to the positive control, tetanus toxoid. FITC, fluorescein isothiocyanate; FSC-H, forward scatter height; AF700, Alexa Fluor 700;
PE-Cy?7, streptavidin. f, Frequency of CD137-negative and CD154-positive T cells when each different antigen was added to the culture; the gray bars
represent the mean and 95% CI. *P<0.05, **P< 0.01, and ***P < 0.001 as determined by a paired t-test. Each dataset was tested for significance against
the unstimulated control (n=18). g, Percentage of T cells that were positive for CD137 or CD154 over the unstimulated control. The graph conveys the
frequency of CD137/CD154 T cells after the background (the unstimulated control) was subtracted (n=18). The text indicates the percentage of donors
who had an increase in each activation marker compared to the unstimulated control; the gray bars indicate the median and 95% Cl. Negative values were
set to 0.0001.
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donors (Fig. 1c), demonstrating high concordance between cellular
and humoral immunoreactivity.

We also found that there was consistent activity across the four
different assays used (ELIspot, ICS, CD137* and CD154") across
different donors. To be conservative in our analysis, we only con-
sidered donors to be positive for the presence of antigen-reactive T
cells against an antigen if they showed up positive across three out of
four assays, negative if they showed up as negative across three out
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of four of assays, and indeterminate if the results between the assays
were mixed. Using this threshold, we found that 100% of donors
were positive for the presence of antigen-reactive T cells against tet-
anus toxoid, 78% were positive for antigen-reactive T cells against
SaCas9, and 67% were positive for the presence of antigen-reactive
T cells against SpCas9 (Table 1).

In this study, we provide evidence of preexisting adaptive immune
responses to Cas9 in humans. We detected IgG antibodies against
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Fig. 3 | Isolation and restimulation of Cas9-specific T cells. a, Schematic
outlining the process for isolating antigen-reactive T cells, expanding
isolated T cells, and restimulating expanded T cells with CD3-depleted
PBMCs from the same donor with antigen. b, FACS plots demonstrating
that expanded SaCas9-specific T cells from donor 213 have an antigen-
reactive cytokine response when rechallenged with SaCas9, but not to
tetanus toxoid. ¢, FACS plots demonstrating that expanded SpCas9-
specific T cells from donor 213 have an antigen-specific cytokine response
to SpCas9 but not to tetanus toxoid when re-stimulated. FITC, fluorescein

isothiocyanate; FSC-H, forward scatter height; AF700, Alexa Fluor 700.

both SaCas9 and SpCas9 in the study population, and could also
detect antigen-reactive T cells directed against both Cas9 orthologs.
These data need to be taken into consideration when moving for-
ward with any clinical trial involving the use of the CRISPR-Cas9
system to treat disease.

Since the release of our preliminary work, two other groups have
also reported on preexisting adaptive immune responses to Cas9
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in humans®. Simhadri et al.”” detected antibodies against Cas9 by
ELISA in a pool of 200 donors, although they determined that anti-
SaCas9 antibodies were present in only 10% of the population and
anti-SpCas9 antibodies were present in only 2.5% of the population,
after mathematical adjustment. In contrast, Wagner et al.”” detected
a universal antigen-reactive T cell response to SpCas9, as mea-
sured by an increase in the frequency of CD137* T cells compared
to an unstimulated control in a pool of 48 donors. In this study,
using ELISA we detected antibodies against SaCas9 and SpCas9 in
the study population at frequencies of 78% and 58%, respectively.
Similarly, screening a group of 18 donors for antigen-reactive T cells
against Cas9 using four different assays and conservative cutoffs for
a sample to be considered positive, we found antigen-reactive T cells
against both SaCas9 and SpCas9 in 78% and 68% of donors, respec-
tively. In our analysis, we applied conservative cutoffs, using three
s.d. from the mean as a cutoff, instead of two s.d., for example. We
also used frozen PBMCs, which are known to have lower levels of
activation and result in a higher frequency of false negatives com-
pared to the freshly collected PBMCs used by Wagner et al.”’, which
may explain why we did not achieve near-universal positivity as
they did**. While there are differences between all three studies that
will be better understood by future research, all three studies sup-
port the need, particularly for the in vivo use of Cas9-based thera-
pies, to screen each patient for the presence or absence of humoral
and cellular immunity to the Cas9 version being used.

Preexisting adaptive immune responses to Cas9 may not prove
to be a major barrier to the implementation of ex vivo therapies,
which involve the use of Cas9 to edit cells outside of direct con-
tact with the human immune system. Peptide fragments of any
protein delivered into cells ex vivo are typically only expressed
transiently on MHC class I molecules; as such, Cas9 peptides may
no longer be present on the cell’s surface at the time of transplan-
tation, particularly if Cas9 is delivered as a short-lived ribonu-
cleoprotein complex.

The presence of antigen-reactive T cells against Cas9 may prove
to be most problematic for therapies that involve in vivo delivery
of Cas9. Much of the effort to treat disease in vivo has used Cas9
delivery systems that express the Cas9 protein for prolonged peri-
ods of time, such as through a non-integrating AAV vector or
through nanoparticle delivery of messenger RNA to non-dividing
hepatocytes™'*-'. Use of these viral vectors has been shown to lead
to sustained expression of Cas9. However, when a patient has pre-
existing antigen-reactive T cells against Cas9, memory T cells might
rapidly expand in response to Cas9 being presented by MHC class I
molecules on the cell surface, and cytotoxic T cells could target and
clear cells presenting Cas9 on surface”. Furthermore, it is possible
that constitutive expression of Cas9 in a large proportion of cells
of an organ could elicit a cytotoxic T cell response against Cas9-
expressing cells that could result in significant organ toxicity™.

While we have detected antigen-specific T cells against both
common orthologs of Cas9, further work is required to determine
the impact that these findings will have on clinical genome edit-
ing. Future work will focus on determining what the killing capac-
ity of these preexisting antigen-specific T cells is and how they
respond to cells presenting Cas9, in both in vitro and in vivo set-
tings. Potential solutions to preexisting adaptive immunity to Cas9
may include the use of immune suppression or depletion to prevent
severe cell-mediated responses to Cas9, using Cas9 orthologs from
other bacterial species that do not infect or reside in humans, or
using Cas9-based therapies in people before they develop an adap-
tive immune response to Cas9.

In conclusion, our findings raise important new considerations
for the therapeutic applications of the CRISPR-Cas9 system. We
believe our findings will stimulate crucial discussions in the genome
editing community regarding safety and efficacy as this technology
is translated to humans.
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Methods

Cas9 purification. For the immunoblot assay, Cas9 was produced as follows:
recombinant histidine-tagged SpCas9 protein was expressed from pET-28b-
Cas9-His in Rosetta 2 cells (EMD Millipore); recombinant SaCas9 was cloned
from BPK2139 into a pET-28b-His backbone and was expressed in Rosetta 2
cells. Bacteria were grown in ZYP-5052 media (VWR) at 37 °C for 12 h, followed
by 24h at 18°C. The bacterial pellet was centrifuged at 6000g for 15min at 4°C.
The pellet was resuspended in lysis buffer (50 mM NaH,PO,, 300 mM NaCl,

10 mM imidazole, 4 mM dithiothreitol (DTT), 5mM benzamidine, 100 mM
phenylmethylsulfonyl fluoride, pH8) and lysozyme was added at 1 mgml~'. After
incubation at 4 °C for 30 min, the lysate was sonicated for 6 10-s bursts at 200 W,
with 10-s intervals. Lysate was spun at 16,200g for 1h at 4°C and the supernatant
was bound to Ni-NTA agarose (QIAGEN) at 200 r.p.m. at 4°C for 1h. The slurry
was loaded onto a column; then, 50 column volumes of wash buffer with 0.1%
Triton X-114 was run over it to remove endotoxin, as described previously*

(50 mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, 0.1% Triton X-114, pH8).
The sample was then washed with 20 column volumes of wash buffer (50 mM
NaH,PO,, 300 mM NaCl, 20 mM imidazole, pH8) and eluted with elution buffer
(50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole, pH8). The eluted SpCas9 and
SaCas9 were concentrated using a 100kDa Amicon Ultra Centrifugal Filter
(EMD Millipore) and stored in a solution of 10 mM Tris-HCI, 150 mM NaCl, and
50% glycerol.

For the ELISA, ELISpot, and ICS assays, and the detection of CD137/CD154
activated T cells, nuclear localization signal-free SaCas9 and SpCas9 were provided
by Integrated DNA Technologies (IDT). IDT-produced Cas9 was tested for >95%
purity by SDS-polyacrylamide gel electrophoresis, had <10 EU ml™ of endotoxin,
and was absent from contaminating DNA and RNA as determined by the
RNaseAlert and DNaseAlert kits (IDT).

Immunoblot. Aliquots of 1 pg SpCas9 (either histidine-tag-purified or Alt-R
SpCas9 (IDT)) and 1 pg SaCas9 protein were resolved in Laemli sample
buffer applied to a 5-15% polyacrylamide gel. Samples were transferred to a
polyvinylidene fluoride membrane and blocked with 5% non-fat milk in tris-
buffered saline and Tween 20 (TBST, 50 mM Tris-HCI, 150 mM NaCl, 0.05% Tween
20, pH7.6) for 1h at 4°C. Immunoblots were then incubated overnight in TBST
with 0.05% non-fat milk with a 1:10 dilution of serum. Immunoblots were washed
five times for 5min in TBST on a shaker and then incubated with horseradish
peroxidase-conjugated goat anti-human IgG Fc secondary antibody (Novus) at
a dilution of 1:5,000 for 1h at room temperature. Samples were then washed five
times for 5min in TBST and developed using a Clarity Western ECL Blotting
Substrate (Bio-Rad Laboratories) and imaged. Immunoblots were analyzed with
Image Lab (version 6.0.1, Bio-Rad); the volume of bands was compared to the
background using the volume analysis tool on each lane. Cord blood serum was
provided by the Binns Family Program for Cord Blood Research and the adult
serum was provided by the Stanford Blood Center.

Donors for the ELISA assay were selected at random and consisted
predominantly of white and Asian donors, reflecting the donor pool for the blood
center. The median age of the donors tested was 43; 65% of donors were male.

ELISA. An ELISA protocol was adapted from Chew et al.”’ and Wang et al.”.

Each antigen—Cas9 (IDT), tetanus toxoid (Astarte Biologics), or human albumin
(Sigma-Aldrich)—was coated onto a 96-well Maxisorp plate (Thermo Fisher
Scientific) overnight at 4°C in 1X bicarbonate buffer (Sigma-Aldrich). Plates were
then washed three times for 5min on a shaker at a rotation of 200 r.p.m. with

1x wash buffer (TBST, pH8.0; Sigma-Aldrich). Plates were then blocked with

1% bovine serum albumin (BSA) blocking solution (Thermo Fisher Scientific) for
2h at room temperature. Serum samples obtained from the Stanford Blood Center
were applied diluted in 1% BSA blocking solution at varying concentrations as
described for each experiment; plates were incubated for 5h at 4°C with shaking at
2001.p.m. Plates were then washed as described previously; HRP-conjugated goat
anti-human Fc antibody (Novus) was then applied at a dilution of 1:100,000 in

1% BSA blocking solution and incubated for 1h at room temperature.
3,3',5,5'-Tetramethylbenzidine substrate solution (Thermo Fisher Scientific) was
then added and allowed to develop for 15 min before 1N sulfuric acid (Thermo
Fisher Scientific) was added to stop the reaction. The absorbance at 450 nm was
then analyzed using a SpectraMax M3 microplate reader (Molecular Devices).

Collection, storage, and thawing of PBMCs. PBMCs were isolated from
apheresis products from healthy donors obtained from the Stanford Blood Center
using Ficoll-Paque density-gradient centrifugation (density: 1.077 gml™'; GE
Healthcare Life Sciences), according to the manufacturer’s instructions. Cells were
cryopreserved using a rate-controlled container. Cells were thawed as described
elsewhere with minor modifications*'. Briefly, cells were thawed under a running
tap and then diluted 1:10 in medium (Roswell Park Memorial Institute (RPMI)
1640 medium, 5% human AB serum, 1,000 U ml~! penicillin, 1,000 pg ml~!

NATURE MEDICINE | www.nature.com/naturemedicine

streptomycin) with 25 Uml™ of benzonase nuclease (Santa Cruz Biotechnology).
Cells were spun at 400g for 10 min, the medium was aspirated, and cells were then
resuspended in 1 ml of medium with 25U ml™" benzonase and passed through a
70 pum filter; 9 ml of the medium with 25U ml™" of benzonase was then added to
cells and they were spun again at 400g for 10 min. The medium was aspirated and
cells were resuspended in benzonase-free medium; 1x 10 PBMCs were plated at a
concentration of 5X 10° cellsml™" in Falcon 15ml tubes (Corning).

Donors for the T cell assays were randomly selected by the Stanford Blood
Center and predominantly consisted of white males (see Supplementary Tables 3
and 4). The median age of the donors tested was 33. No clear correlations between
age, ethnicity, or sex and T cell responses were found.

ELISpot. A human IFN-y ELISPOT kit (R&D Systems) was used to detect
antigen-reactive T cells; 5% 10° cells were plated per well in medium (RPMI 1640,
5% human AB serum, 1,000 U ml™" penicillin, 1,000 ug ml~'streptomycin) for 2 days
with antigen at a concentration of 10 ugml. Plates were then developed after
2days, according to the manufacturer’s instructions.

ICS. Cells were thawed and plated as described earlier, then rested overnight.
Each antigen was then added to cells at a concentration of 10ugml~'. After 2h

of incubation with antigen, brefeldin A (Abcam) was added at a concentration of
10ugml~" and cells were incubated for another 4h. Cells were washed two times
in staining buffer (1% human AB serum and 0.02% sodium azide in PBS, pH7)
and surface-stained for CD3 (PerCP/Cy5.5 anti-human CD3 Antibody, clone
HIT3a; BioLegend), CD4 (Brilliant Violet 605 anti-human CD4 antibody, clone
OKT#4; BioLegend), and CD8a (Brilliant Violet 421 anti-human CD8a Antibody,
clone RPA-T8; BioLegend). Cells were subsequently fixed/permeabilized with a
Cytofix/Cytoperm kit (BD Biosciences) and stained for intracellular cytokines as
follows: IFN-y (FITC Mouse Anti-Human IFN-y, clone 25723.11; BD Biosciences);
TNF-a (Alexa Fluor 700 anti-human TNF-a Antibody, clone MAb11; BioLegend);
and IL-2 (APC anti-human IL-2 Antibody, clone MQ1-17H12; BioLegend).

Cells were then washed two times in permeabilization buffer (BD Biosciences),
resuspended in staining buffer, and analyzed with a FACSAria II flow cytometer
(BD Biosciences)

CD137/CD154 analysis. Cells were thawed and plated as described earlier and
then rested overnight. After an overnight rest, cells were incubated with each
antigen at a concentration of 10ugml™ for 16 h. Cells were then washed two
times in staining buffer and stained with CD3 (PerCP/Cy5.5, clone HIT3a), CD4
(Brilliant Violet 605, clone OKT4), CD8a (Brilliant Violet 421, clone RPA-TS),
CD137 (PE/Cy7 anti-human CD137 (4-1BB) Antibody, clone 4B4-1; BioLegend),
and CD154 (PE anti-human CD154 Antibody, clone 24-31; BioLegend). Cells
were then washed two times in staining buffer, resuspended in staining buffer,
and analyzed with a FACSAria II flow cytometer.

Isolation, expansion, and restimulation of antigen-reactive T cells. Cells were
thawed, incubated with antigen, and then stained for CD137/CD154 as described
earlier. CD4/CD8 T cells that were positive for CD137/CD154 were then sorted
with a FACSAria II flow cytometer and plated on irradiated PBMCs (60 Gy) from
the same donor whose cells had been incubated with the same antigen, at a ratio

of 1:50 in 96-well round bottom plates (Corning). Cells were then expanded for

10 days in medium (RPMI 1640, 1,000 Uml™" penicillin, 1,000 ug ml-'streptomycin)
supplemented with 50 Uml~" IL-2. The medium was changed once every 2 days,
and cells were split as needed.

After expansion, cells were counted and put into culture with the PBMCs from
the same donor who had been CD3-depleted, according to the manufacturer’s
instructions (Miltenyi Biotec) at a ratio of 1:10, along with 1 ugml~' CD28 antibody
(Miltenyi Biotec). Antigen was added at 10 ugml~" and cells were stained for
intracellular cytokines, as described earlier.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within the paper. Any
additional data and materials that can be shared will be released via a Material
Transfer Agreement.
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Extended Data Fig. 1] Initial screen for anti-Cas9 donors by immunoblot. Immunoblot analysis using healthy donor serum to determine if humans have
1gG antibodies to Cas9 proteins. Serum derived from cord blood (labeled ‘CB") or adults (labeled ‘A’) and immunoreactivity against purified Cas9 proteins
are shown. S.a, S. aureus Cas9 ortholog; S.p, S. pyogenes Cas9 ortholog. Each lane with a detectable band was analyzed for volume and the score of Cas9 to
the background was measured by dividing the volume of the Cas9 band by the volume of the background. Each immunoblot was scored as either positive
(+) or negative (—) for immunoreactivity. To be considered serum-positive for antibodies against either Cas9 ortholog, a band must have been present at
the correct size on the immunoblot and have had a ratio of 1.10 over the background. A ratio of 1indicates that no band could be detected at the correct

molecular weight.
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Extended Data Fig. 2 | Titers of human serum concentrations used to detect anti-Cas9 antibodies with ELISA. The same donor's serum was applied
at different concentrations by ELISA to detect antibodies against each antigen. The dilution of serum used to detect antibodies against each antigen is

denoted above each graph.
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Extended Data Fig. 4 | Cytokine responses to antigen stimulation of PBMCs. a, Frequency of spots detected when 5x10° PBMCs were applied to wells of
an ELISpot plate and challenged with each different antigen; the error bars represent the s.d. (n=18). Significance was measured using a paired Student's
t-test. b, Frequency of T cells that were positive for different cytokines on antigen stimulation, as detected by ICS (n=18). The black bars indicate the
mean percentage of T cells positive for each cytokine (n=18). *P<0.05, **P < 0.01, ***P < 0.001, paired Student’s t-test. Each dataset was tested for
significance against the unstimulated control.
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Extended Data Fig. 5 | FACS data from ICS and activation marker staining for donors 209 and 211-215. Each individual donor number is shown at the top
of each group of FACS plots. The red '+’ symbol below an antigen name indicates that a donor was considered positive for a cytokine response against that
antigen by ICS. The red ‘=" symbol below an antigen name indicates a donor was considered negative for a cytokine response to that antigen by ICS.
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Extended Data Fig. 6 | FACS data from ICS and activation marker staining for donors 16-221. Each individual donor number is shown at the top of each
group of FACS plots. The red ‘+' symbol below an antigen name indicates that a donor was considered positive for a cytokine response against that antigen
by ICS. The red ‘=" symbol below an antigen name indicates that a donor was considered negative for a cytokine response to that antigen by ICS.

NATURE MEDICINE | www.nature.com/naturemedicine


http://www.nature.com/naturemedicine

LETTERS

NATURE MEDICINE

Donor 223 Donor 224
IFN-y TNF-a L2 cD137 cD154 IFN-y TNF-a L2 cD137 cD154
200k 0.0004 0.001 1 0.033 200k 0.0002 0.0002 2 048 - 0.052
Unstim Unstim -
100k ) & 0 - 100k 6 . -
0910 10¢ 105 ~~ 010° 104105 ~~ 010° 104105  ~(010% 10% 10° 010 10 10° 00105 10°105 ~* 010° 104105 ~~ 010° 104105 - 010 10%10° 010° 10¢10°
gl
200k 0008 - 0.008 027 0.052 200« —0.0002 0.0014 0.0017 X
SaCas9 - . SaCas9 - .
+ 100k i G ‘ - ook & ‘
L L
00105 10°105 " 010° 104105 ~ 010% 104105 ~~010% 104105  010° 10% 105 0 910° 104105 ~* 010° 104105 ~ 010 10410 010 104105 0 10° 104 105
. g .
200k 0001 - 0.002 - 0.03 200k 0.0003 - 0.0005 0.079
SpCas9 R - SpCas9 :
+ o0k ‘ 8 ' " 100k @ @ ’ ’
0910 104 108 010° 104105 (10 104105 ~010° 104105  0710° 104105 0910% 104 108 010 104 105 010° 104 108 010° 104 105 010 104105
o
T 00k 0.015 . 0.031 0.039 0.85 0.098 200k 0.0002 0.0007 0.0009 0.23 0.088
etanus . Tetanus - y
* 100k { & . ‘ 100k 0 ‘ ’
T - T
O |
@ 010° 10105 ~~ 010° 104 108 10° 104105~ 010° 104 10° 103 10% 10° @ |E 010° 104105 ~~ D10° 104105 ~~ 07 10° 10105 103 104105~ 010° 10410
—p w —
IFN-y FITC TNF-a AF700 IL-2 APC CD137 PE-Cy7  CD154 PE IFN-y FITC TNF-a AF700 IL-2 APC CD137 PE-Cy7  cp154 PE
Donor 225 Donor 226
IFN-y TNF-a L2 cD137 CD154 IFN-y TNF-a L2 cD137 CD154
. 200k 0.001 0.001 0.0003 0.66 0.047 200k 0.0004 0.0002 0.0005 0.32 0.020
Unstim Unstim .
100k | Q 0 3 100k O 0 ' t
00109 105105 '~ 010° 104105 ~~ 010° 104105 ~ * G10° 104 105 010° 10¢ 105 07 010% 104105 ~~ D10% 104105 ~ 010% 10°10° - 010% 10°10° ~ D 10° 104108
q :
200k 0.001 . 0.01 0.076 - 0.076 0.047 200k 0001 0.002 0.002 0.60 0.040
SaCas9 SaCas9
+ 100k @ G 0 ’ + 100k i 0 . t
0 010° 104105~ 010° 104105 ~* 010° 104 105 010° 104105 0 10° 104 10° 0 0103 104105 D103 104105 ~~ 010% 10¢10° 010° 104105 0 10° 104105
" :
2001 ~0.001 . 0.003 0.001 0.043 200k . 0-0002 0.0008 0.0007 0.45 0.033
SpCas9 SpCas9
+ 100k i 0 0 - ' - 100k 0 g I
0°"510° 104105~ 010° 104105 ° ©10° 104105 ° 010° 104105 ° 010° 10105 09108 104105 ~~ 010% 104105 ~ 610 10410 010 104105~ 010° 10¢ 108
_0.000] 0.002 0.10 200k . 0.0005 0.002 "
Tetanus -
0 Q t 100k ﬁ .
; o
O - - - O - - - - -
@ |t_’ 010° 104105~ 010° 104105 ~0,40° 104105~ 6,40° 10* 105 10° 104108 ] 0 10° 104 105 105 104 105 a1o= 104 108 10% 104 105 10° 104108
IFN-y FITC TNF-a AF700  IL-2APC CD137 PE-Cy7  CD154 PE IFN-y FITC TNL AF700  IL-2APC CD137 PE-Cy7  CD154 PE
Donor 227 Donor 228
IFN-y TNF< IL-2 cD137 cD154 IFN-y TNF-a L2 cD137 CD154
: - : r
200k 0.0005 0.0003 0 043 0.056 200k 0.0002 0.001 0.0004 023 0.036
Unstim R | Unstim
o | (] i b o) ) ¢ )
09105 104105 "~ 0105 104105 ~ 010° 105905 ~ G105 10%10° 010° 104 108 07 D10° 104105 ~~ D10° 104105 ~~ 0103 104105 ~~ G10° 104105 ~ 010° 104108
E :
2008 0.002 0.003 0002 017 0.088 200k 0.0002 0.002 0.0009 0.24 0.051
SaCas9 . v SaCas9
* 100k | 0 0 100k ) 0 ‘ t
0°910° 104105 ~~ 010° 104105~ 010° 10*10° 010% 10* 105 * 0 10° 10¢ 105 0°010° 104105 ~~ 0 10° 104105 0 10° 10¢10° 010% 104105 * 0 10° 10105
]
200k 00005 0.001 0.0009 0.16 0.083 200k 0.0002 0.001 0.002 023 0.033
SpCas9 - . SpCas9-
100k | 0 0 2 100k e & ﬁ '
05105 104105~ G10° 104105 ~ 010° 104105 ~ 010° 104405 ~ 010° 10% 105 00105 104105~ 010% 104405 ~ 010% 104105 ~ 010° 104405 ~ 010° 10410
200k 0.0004 0.0005 0.002 0.27 047 200K 0.0008 . 0.002 0.0006 0.59 0.091
Tetanus Tetanus. -
x
100k 4 0 & : 100k Q ‘ ‘
T A ks
O 3 104 )5 3 4 105 3 )4 5 - 3 1 [05 )3 4 )5 (77} 0 3 )4 )5 3 )4 )5 3 4 5 3 [05 - )3 4 105
3 0 10° 10* 10 0°10° 10* 10 0103 10* 10! 310 10¢ 10 310 10410 u_‘l 0 10° 10° 10 0103 104 10 0103 10* 10! 103 10* 10 010% 10410
IFN-y FITC TNF-a AF700  IL-2APC CD137 PE-Cy7  CD154 PE IFN-y FITC TNI!—-u AF700  IL-2APC CD137 PE-Cy7 00*54 PE

Extended Data Fig. 7 | FACS data from ICS and activation markers staining for donors 223-228. Each individual donor number is shown at the top of
each group of FACS plots. The red ‘+' symbol below an antigen name indicates that a donor was considered positive for a cytokine response against that
antigen by ICS. The red ‘=’ symbol below an antigen name indicates that a donor was considered negative for a cytokine response to that antigen by ICS.
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Extended Data Fig. 8 | Results from expansion and restimulation of antigen-specific T cells against Cas9. a, Results from the isolation, expansion,
and restimulation of antigen-specific T cells against Cas9 from two additional PBMC donors to the donor presented in Fig. 3. b, Results from a technical
replicate of expansion/restimulation of antigen-specific T cells against Cas9 from donor 213; the other replicate was presented in Fig. 3b.
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|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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