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equipped with affinity and chemoenzymatic tags with retention of
antigen specificity.

Isotype panel generation via CRISPR/HDR engineering

of hybridomas

Encouraged by the success of our one-step CRISPR/HDR strategy
to generate Fab’ hybridomas, we continued by further expanding
the platform and engineered hybridomas to secrete a diverse set of
Fc variants of the same antibody. We designed a CRISPR/HDR gene
trap knock-in approach, which installs Fc constant domains [heavy
chain constant domain 1 (CH1), hinge, CH2 and CH3, sortag, his-
tag, and Bsr] upstream of the native rat domains (Fig. 2, A and B).
To test our method, we genetically engineered the hybridoma MIHS5,
which secretes rIgG2a mAbs targeting mouse immune checkpoint
PD-L1, to produce chimeric murine IgG1 (mIgG1), mIgG2a, mIgG2b,
mlIgG3, and mIgA antibodies. Furthermore, we included a mutant
mlIgG2a isotype with the amino acid substitutions L234A/L235A/
N297A (mIgG2agilent), which is described to have reduced affinity
for murine FcyRs (26). After selection of an optimal single guide

RNA targeting a protospacer adjacent motif (PAM) sequence 100 bp
upstream of the rIgG2a CH1 (gRNA-ISO), MIHS5 cells were cotrans-
fected with a Cas9 vector (PX458) containing gRNA-ISO and a
construct from a panel for isotype HDR donor constructs (table S2).
Next, we assessed on-target knock-in integration of blasticidin-
selected cells by genomic PCR. Analysis showed the presence of PCR
products of expected size (~2600 bp; Fig. 2C). Monoclonal cell lines
were obtained, and supernatant was used for flow cytometric
screening of the secreted mAbs. CT26 (a mouse colon carcinoma
cell line) cells were stimulated with interferon-y (IFN-y) to induce
up-regulation of PD-L1 before incubation with the supernatants
followed by staining with secondary antibodies for the C-terminal
his-tag and rIgG2a. For each antibody isotype, we identified multiple
chimeric clones that expressed the designed MIH5 isotype variant.
Notably, in the case of mIgG2a, mIgG2b, and mIgG2agjjent, we always
observed native rIgG2a isotype in the supernatant of chimeric
hybridomas and in Ni-NTA gravity flow purified proteins, suggesting
rat-mouse heavy chain heterodimer mAb formation (fig. S3A). We
postulated that in these cases, gene elements downstream of the
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Fig. 2. CRISPR/HDR engineering of hybridoma MIH5 to obtain panel of isotype variants. (A) CRISPR/HDR strategy to engineer rlgG2a hybridomas and obtain recom-
binant hybridomas secreting murine isotypes. (B) The targeted IgH locus of MIH5 with the variable region (VH), constant region 1 (CH1), and hinge annotated. Cas9 is
guided by gRNA-ISO to the intronic region upstream of the CH1 is shown. The resulting double-stranded break is subsequently resolved via HDR through a donor con-
struct, leading to an in-frame insertion of an splice acceptor (SA, gray), isotype of choice (yellow), a sortag and his-tag motif (srt-his, blue), an IRES, blasticidin-resistance
gene (Bsr), and polyA transcription termination signal (pA) upstream of the native CH1. The insert is enclosed by homology arms (5" HA and 3’ HA). (C) Three days after
electroporation, DNA from CRISPR/HDR-targeted MIH5 populations is obtained for PCR with primer 3 and primer 2 (B). Agarose gel of the PCR product reveals amplicons
of the correct size exclusively for the CRISPR/HDR-targeted populations. (D) After selecting monoclonal hybridoma for each isotype, the supernatant of each isotype
modified clone was incubated with PD-L1-expressing target cells (CT26). Displayed plots demonstrate that supernatants exclusively contain the engineered isotype
variant with a C-terminal his-tag, while the original rigG2a mAbs is absent. (E) Purified MIH5 isotype variants were effectively labeled with the fluorescent probe GGGCK(FAM)

using sortase-mediated ligation.
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inserted murine heavy chain could still be transcribed due to in-
complete transcription termination, facilitating splicing of the variable
heavy chain (VH) region to the native rIgG2a isotype. Removal of
this native splice acceptor in the HDR donor constructs of mIgG2a,
mlIgG2b, and mIgG2asjien: to force linkage of the genetically engineered
foreign CH domains to the native VH domains abrogated the pro-
duction of the rIgG2a isotype. This completed the set of engineered
isotype-switched chimeric antibody producing hybridomas, which
were used for further characterization. The robustness of this CRISPR/
HDR and selection approach was demonstrated by the identifica-
tion of multiple chimeric clones that expressed the designed MIH5
isotype variant (fig. S3B). We selected a single clone for each isotype
and validated the correct knock-in of the isotype of choice in the
IgH locus by sequencing. Detailed flow cytometry analysis of the
mAbs produced by the selected clones using IFN-y-stimulated
CT26 cells revealed that the engineered chimeric mAbs were positive
for their respective murine isotypes and his-tag, but not for the
native rIgG2a isotype (Fig. 2D). To validate antigen specificity of
our MIH5-derived engineered antibodies, PD-L1 knockout CT26
cells [CT26"P 11 KO (27)] were exposed to the purified mAbs.
Contrary to the wild-type (WT) CT26 cells, IFN-y-stimulated
CT26"™ X0 cells were not stained by our mAbs, proving retention of
target specificity (fig. S3C). Western blot analysis of the purified anti-
bodies confirmed substitution of the native rat heavy chain by the
genetically introduced mouse heavy chain on protein level (fig. S3D).

We equipped all our engineered chimeric mAbs with a C-terminal
sortag to facilitate chemoenzymatic functionalization. To confirm
functionality of C-terminal sortag, we performed a sortase ligation
with the fluorescent peptide GGGCK(FAM) (Fig. 2E and fig. S4).
Fluorescent SDS-PAGE analysis showed that all the heavy chains
from chimeric mAbs were fluorescently tagged, whereas the paren-
tal MIH5 antibody was not. Modification of the isotype using our
CRISPR/HDR genomic engineering approach is not restricted to
the MIH5 hybridoma, as we were able to successfully perform the
same strategy on the NLDC-145 hybridoma and obtained a panel of
DEC205 isotype variant mAbs (fig. S5).

We extended the molecular characterization of our engineered
mADbs by high-resolution native mass spectrometry analysis of the
mlIgG2agjen. Asparagine on position 297 (N297) is a conserved glyco-
sylation site and is one of the major determinants of FcyR engagement
and, hence, of therapeutic efficacy of certain mAbs. In mIgG2agjient,
the N297A amino acid substitution is introduced, rendering it Fc
silent (26). To validate the absence of glycans in this engineered mutant,
we treated MIH5 WT and mIgG2ajjen with the glycosidase peptide
N-glycosidase F (PNGase F) to remove existing glycans. Subsequently,
we performed high-resolution native mass spectrometry on treated
and untreated samples to assess whether glycans were removed. For
the WT samples, clear shifts in protein mass were observed, with a
leading loss of 2889.6 Da corresponding to the loss of two glycans
(GOF: asialo-agalacto core-fucosylated biantennary complex-type
N-glycan, theoretical mass 2890 Da per mAb; Fig. 3A). In contrast,
no difference in mass between the PNGase F-treated and PNGase
F-untreated samples of mIgG2asjent could be measured, indicating
the absence of glycans (Fig. 3B). Native mass spectrometry analysis
of MIH5 mIgG2a variant before and after PN Gase F treatment showed
a mass difference of 2889.2 Da corresponding to two GOF glycans,
analogous to the WT MIH5 mAb (fig. S6).

Our data demonstrates the effective one-step generation of stable
hybridomas producing Fc-engineered chimeric mAbs using our
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Fig. 3. Glycosylation profiling of MIH5 WT and Fc-silent variant using high-
resolution native mass spectrometry. Purified samples of WT MIH5 (A) and
mlgG2asiient (B) were treated overnight with PNGase F (orange) to remove existing
glycans. Subsequently, these samples were compared to untreated samples (black)
via high-resolution native mass spectrometry. The Pearson correlation coefficient
between the two spectra over all ion signals is given in the top right corner. The
molecule mass of untreated (black) and treated (orange) samples and the differ-
ence in leading mass (green) are given in the bottom right corner. m/z, mass/
charge ratio.

CRISPR/HDR approach. These mAbs retain their antigen specificity,
and the addition of affinity and chemoenzymatic tags adds an addi-
tional layer of flexibility and utility.

Biochemical and functional characterization

of the engineered antibodies

Having established and validated our hybridoma CRISPR/HDR ge-
nomic engineering approach, we set out to characterize the func-
tional properties of our isotype-switched mAbs. We first evaluated
the binding affinities of our MIH5 isotype panel for the activating
murine FcyRI (mFcyRI) and mFcyRIV and for the inhibiting mFcyRIIb.
We immobilized mFcyRI, mFcyRIIb, and mFcyRIV on a multiplex
biosensor and assessed binding of our isotype variants to the different
receptors via surface plasmon resonance (SPR). We monitored the
association and dissociation over time (Fig. 4A) and generated
affinity plots to calculate the dissociation constants (Kg4) for each
receptor concentration. Subsequently, these were interpolated to
calculate the affinity of each antibody at receptor concentration giving
Rimax = 500, as described before (Fig. 4B) (28). The obtained affinities
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Fig. 4. FcyR engagement of MIH5 isotype variants. Representative sensograms (A) display interactions of MIH5 WT and MIH5-engineered mAbs (migG1, mlgG2a,
mlgG2b, migA, and mlgG2agjient) for immobilized mFcyRI, mFcyRIlb, and mFcyRIV at increasing concentrations. Binding to FcyR is expressed in resonance units (RU). SPR
was performed on four different concentrations of immobilized FcyRs (1, 3, 10, and 30 nM) to determine affinity [K4(M)] of the Fc variants for the different FcRs (B). n=3,
mean + SEM. (C) Predicted antibody-dependent cellular cytotoxicity (ADCC) activity for each murine isotype variant on the basis of their differential affinity for FcyRs.

of mIgG1, mIgG2a, and mIgG2b for the FcyRs fall well within the
range of previously reported Ky values for recombinantly produced
isotypes (table S3) (26, 28-33). In summary, mIgG1 did not bind
mFcyRI and mFcyRIV but binds to mFcyRIIb. mIgG2a displayed
binding to all tested mFcyRs with highest affinity for mFcyRI followed
by mFcyRIV and mFcyRIIb. mIgG2b binds to mFcyRIIb and mFcyRIV,
with stronger affinity for the latter. mIgA and the Fc-silent mutant
mlgG2agjlent did not show affinity for any of the mFcyRs. The WT
rIgG2a displays an FcyR engagement profile similar to the one of
mlIgG1, binding to the FcyRIIb, but not to FcyRI and FcyRIV. Be-
cause of protein aggregation, a characteristic previously reported
for mIgG3 (34, 35), we were not able to determine the K4 values for
this isotype variant. On the basis of the differential affinity for activat-
ing and inhibiting receptors reported here, we predicted the capacity
of CRISPR-engineered mAbs to evoke antibody-dependent cellular
cytotoxicity (ADCC) (Fig. 4C), as others have done in the past (8).
To conclude the characterization of the generated isotype variants,
we assessed their capacity to induce ADCC in vitro and in vivo. In
vitro, we labeled MC38 (murine colon adenocarcinoma) cells with
chromium-51, opsonized these with MIH5 Fc variants, and added
whole blood from C57BL/6 mice for 4 hours. To assess specific lysis,
we measured the chromium-51 release and used an aspecific mAb
(AZN-D1) as a baseline (Fig. 5A). In vivo, we assessed the ability of
MIHS5 Fc variants to deplete B cells (Fig. 5B). We labeled isolated

van der Schoot et al., Sci. Adv. 2019; 5 : eaaw1822 28 August 2019

splenic B cells from C57BL/6 mice with Far Red tracer dye and op-
sonized these with mIgG2a, mIgG2b, or mIgA. Simultaneously, we
used mIgG2agjent to opsonize splenic B cells labeled with Violet Blue
tracer dye. Subsequently, we mixed the populations in equal ratio
and injected these intravenously into lipopolysaccharide (LPS)-
primed C57BL/6 mice. After 24 hours, we euthanized the mice and
isolated the spleens to determine the ratio between the Violet Blue
and Far Red population to assess relative B cell depletion via flow
cytometry (Fig. 5C and fig. S7). Both in vitro and in vivo assays yielded
similar results; mouse IgG2a displayed the strongest capacity to
induce Fc-mediated killing of target cells followed by mIgG2b,
which is in line with literature and the observed FcyR binding
affinities (Fig. 4, A to C). Neither WT rIgG2a nor its CRISPR-
engineered variants mIgG1, mIgG3, mIgA, and mIgG2agjen; were able
to mediate specific killing or depletion. As mIgG3, mIgG2agilent,
and mIgA do not interact with murine FcRs, these are unable to
mediate ADCC.The lack of effect for rIgG2a and mIgG1 Fc variants
can be explained by their ability to bind only a single-activating
FcyR (FcyRIII), whereas mIgG2a and mIgG2b bind respectively
three and two activating FcyRs. Together, our in vitro and in vivo
data indicate that chimeric and mutant mAbs through hybridoma
engineering approach exhibit the same biochemical and immune
effector characteristics as their natural and recombinantly produced
counterparts.
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Fig. 5. Effector function of MIH5 isotype variants. ADCC in vitro assay (A) to compare effector function of MIH5 isotype variants. MC38 cells were °>'Cr-labeled,
opsonized with different MIH5 isotype variants, and exposed to whole blood from C57BL/6 mice for 4 hours. Specific lysis was quantified by measuring *'Cr release. n = 3,
mean £ SEM. *P < 0.05. (B) Experimental setup of in vivo depletion assay. Splenic B cells labeled with Violet and Red tracer dye were used as target cells for in vivo depletion.
The violet B cells were opsonized with migG2ag;ient variant, while the red B cells were opsonized with migG2a, migG2b, or mIgA variant. Subsequently, B cells were mixed
1:1 (top plot and diagram) and injected intravenously into C57BL/6 mice. Twenty-four hours later, the spleens were isolated, and the ratios between violet and red B cells
were determined via flow cytometry (bottom plot and diagram). The ratios before injection and after spleen isolation were used to quantify the isotype-specific depletion
of the target cells. (C) Representative experiment indicating mlgG2a, migG2b, and mlgA specific depletion of target cells with mlgG2agjent 0psonized cells as reference

population. n =3, mean + SEM. *P < 0.05.

DISCUSSION

Here, we report the development of a versatile platform for easy and
rapid generation of panels of Fc-engineered antibodies starting
from their parental hybridomas. Using a one-step CRISPR/HDR
approach, we obtained hybridomas producing either monovalent
Fab’ fragments, Fc isotype variants from a foreign species (from rat
anti-mouse to mouse anti-mouse), and Fc-silent mutants without
effector functions within a period of 21 days. In addition, our method
allows incorporation of useful protein tags for purification and
site-specific conjugation purposes. Extensive characterization of the
produced antibodies revealed that target specificity is uncompromised
and that the CRISPR/HDR-engineered chimeric antibodies display
their intrinsic Fc-effector functions. Currently, most researchers rely
mainly on recombinant production methods to evaluate mAbs in
different Fc formats. To do so, the variable heavy chain and light
chain need to be sequenced, cloned into the appropriate backbones,
and transfected multiple times into mammalian expression systems
to obtain sufficient antibody yields. This process often requires ex-
tensive optimization, expertise, knowledge, and dedicated resources
that are not available in most laboratories. In contrast, the CRISPR/
HDR strategy outlined here offers a simple alternative approach re-
quiring a single electroporation step to obtain an unlimited source
of target antibody in the isotype format of choice.

Other investigators also described approaches to modulate heavy
chain loci in hybridomas via genomic engineering. However, these
approaches are either restricted in their engineering capabilities or
require multiple sequential genome editing events. For example,
Cheong et al. used viral CRISPR-Cas9 vectors to engineer isotype-
switched mIgG1 and mIgG3 mAbs from IgM-producing hybridomas
exploiting the class-switch recombination machinery present in hy-
bridomas (10). Although elegant, the technique is restricted to the
native heavy chain loci within the target hybridoma. Consequently,
the generation of a complete isotype panel is restricted to scarcely
available IgM-producing hybridomas. Furthermore, placement of
recombinant tags, production of mutated isotypes with modulated
effector functions, or isotypes from a foreign species to generate
chimeric mAbs is impossible with this technique. Hashimoto et al.
(36) described a multi-step method to introduce Fc variants with
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amino acid substitutions via recombinant-mediated cassette ex-
change (RMCE). However, this procedure relies on the prior incor-
poration of flanking Cre/lox sites required for RMCE, limiting the
broad application in other hybridomas. Our single-step CRISPR/HDR
method is easily adaptable to any hybridoma regardless of back-
ground species or isotype to obtain complete panels of engineered
antibodies in the format of choice.

We demonstrate the ability to modulate the antibody isotype in
hybridomas to a panel ranging from the activating Fc variant
mlIgG2a to the Fc-silent mIgG2agjien. It is widely recognized that mAb
isotype is of major importance for the outcome of antibody-based
therapies, especially in the field of cancer immunotherapy. Various
studies have shown that the therapeutic efficacy of mAbs directed
against immune checkpoints such as CTLA-4, CD25, PD-L1, GITR
(glucocorticoid-induced TNFR-related protein), and OX-40 depends
on their isotype (4, 5, 37-39). This is mainly due to the interaction
of the Fc region with different components of the immune system,
such as FcRs on the surface of immune cells and the Clq protein
of the complement system. Substantial efforts have been made to
modulate Fc affinity for these different components by making
use of amino acid substitutions in the Fc region. This has led to a
wide range of described mutants, which can be used to increase
affinity for activating or inhibitory FcRs (40-42), ablate Fc-effector
functions (43), or recruit complement (44, 45). Moreover, amino
acid substitutions can also be used to control antibody half-life (46)
or to construct bispecific antibodies (47, 48). All of these mutant Fc
variants can be implemented in our versatile single-step CRISPR/
HDR platform.

This method is accessible for any laboratory capable of hybri-
doma cell line culturing, thus providing a molecular toolbox for
repurposing the wealth of established hybridoma cell lines available.
Our universal CRISPR/HDR-based platform has a success rate of
100%, meaning that every genomic engineering experiment using a
single specific HDR donor construct resulted in multiple correctly
engineered hybridoma clones after selection. Since many hybridoma
products are extensively used in preclinical in vivo studies, our
method will empower preclinical antibody research by enabling
screening of large panels of antibody variants early on in therapeutic
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antibody development. Moreover, the freedom to add affinity tags and
amino acid recognition sequences for chemoenzymatic modification
adds an additional layer of flexibility and utility. The ability to
site-specifically functionalize the engineered antibody products will
find application in the fields of biomolecular engineering, chemical
biology, antibody-drug conjugates, multimodal imaging, and nano-
medicine. We are convinced that this method will open up antibody
engineering for the entire scientific community.

MATERIALS AND METHODS

General culture conditions

The following hybridoma clones were genetically engineered for
expression of Fab’ fragments or murine isotypes: NLDC-145
[American Type Culture Collection (ATCC) HB-290], FGK-45,
MIHS5, and RMP1-14. Other cell lines used in this study were CT26.
WT (ATCC CRL-2638), CT26.PD-L1%° (27), MC38, and JAWSII
(ATCC CRL-11904). For cultivation, NLDC-145, FGK-45, MIH5,
RMP1-14, CT26, CT26.PD-L1%°, and MC38 were grown in com-
plete medium formulation consisting of RPMI 1640 medium
(11875093, Thermo Fisher Scientific), 2 mM ultraglutamine (BE16-
605E/U1, Lonza), 50 uM Gibco 2-mercaptoethanol (2-ME) (21985023,
Thermo Fisher Scientific), 1x antibiotic-antimycotic (anti-anti)
(15240062, Thermo Fisher Scientific), and 10% heat-inactivated
fetal bovine serum (FBS). The JAWSII cell line was cultivated in
o-minimum essential medium with ribonucleosides, deoxy-
ribinuuleosides, 4 mM L-glutamine, 1 mM sodium pyruvate, and
murine granulocyte-macrophage colony-stimulating factor (5 ng/ml).
For expression of PD-L1, MC38 and CT26 were stimulated over-
night with recombinant murine IFN-y (100 ng/ml).

Cloning of CRISRP-Cas9 and donor constructs

The genomic sequence of the rIgG2a heavy chain locus was identi-
fied via the Ensembl rate genome build Rnor_6.0 (accession no.
AC_0000741) and used for the design of the HDR donor templates.
gRNA-H (GACTTACCTGTACATCCACA) and gRNA-ISO (TG-
TAGACAGCCACAGACTTG) were designed using the CRISPR tool
from the Zhang laboratory (http://crispr.mit.edu) and ordered as
single-stranded oligos from Integrated DNA Technologies (IDT)
with the appropriate overhangs for cloning purposes. The oligos
were phosphorylated with T4 PNK enzyme by incubation at 37°C
for 30 min and annealed by incubation at 95°C for 5 min followed
by gradually cooling to 25°C using a thermocycler. The annealed
oligos of gRNA-H and gRNA-ISO were respectively cloned into the
plasmids pSpCas9(BB)-2A-Puro (PX459) and pSpCas9(BB)-2A-GFP
(PX458), which were obtained as gifts from F. Zhang (Addgene
plasmids nos. 62988 and 48138) (49). Synthetic gene fragments
containing homologous arms and desired insert for Fab’ hybridomas
were obtained via IDT and cloned into the PCR2.1 TOPO TA vector
(K-450001, Thermo Fisher Scientific). For the generation of the
mlgG1 isotype variants, a vector containing the appropriate homology
arms was synthesized by Invitrogen. The different genes for Fc
domains were subsequently inserted via traditional cloning
techniques. All CRISPR-Cas9 and HDR constructs were purified
with the NucleoBond Xtra Midi Kit (740410.100, Machery-Nagel)
according to the manufacturer’s protocol. Removal of the native
splice acceptor in the 3" homologous arm of HDR templates
was achieved via site-directed mutagenesis (200523, Agilent
Technologies).
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Hybridoma nucleofection with donor constructs

and CRISPR-Cas9

Nucleofection of the HDR template and CRISPR-Cas9 vectors was
performed with the SF Cell Line 4D-Nucleofector X Kit L (V4XC-
2024, Lonza). Before nucleofection, hybridoma cells were assessed
for viability, centrifuged (90g, 5 min), resuspended in phosphate-
buffered saline (PBS)/1% FBS, and centrifuged again (90g, 5 min).
One million cells were resuspended in SF medium with 1 ug of HDR
template and 1 pg of CRISPR-Cas9 vectors or 2 pg of GFP vector
(control) and transferred to cuvettes for nucleofection with the
4D-Nucleofection System from Lonza (CQ-104, Program SF).
Transfected cells were transferred to a six-well plate in 4 ml of com-
plete medium. The following day, the cells were transferred to a
10-cm petri dish in 10 ml of complete medium supplemented with
blasticidin (10 to 20 pg/ml; anti-bl-05, Invivogen). Antibiotic
pressure was sustained until GFP-transfected hybridomas were
dead and HDR transfections were confluent (typically between days
10 and 14). Subsequently, antibiotic-resistant cells were clonally
expanded by seeding the hybridomas in 0.3 cells per well in U-bottom
96-well plates in 100 pul of complete medium. After 10 days, super-
natant from wells with a high cell density were obtained for further
characterization.

Genomic DNA isolation, PCR, and sequencing

One week after nucleofection with HDR and targeting constructs, a
minimum of 10,000 cells of the surviving cell population were col-
lected for genomic phenotyping. DNA was extracted using the
Genomic DNA Isolate Kit from Bioline (BIO52067). The DNA pellet
was resuspended in ultrapurified water and used for PCR analysis.
For PCR confirmation of Fab’ hybridoma, we used primer 1
(TGTAGGAGCTTGGGTCCAGA), which hybridizes the upstream
of the 5" homolog arm of the HDR template, and primer 2 (ATACATTG-
ACACCAGTGAAGATGC), which hybridized with the Bsr gene.
For confirmation of the integration of isotype constructs, we used
primer 3 (GGCGACCTGTAACAACTTGG), annealing the upstream
of the 5’ end of the HDR, and primer 2. PCR products were visualized
on a 1% (w/v) agarose gel containing Nancy-520 dye stain. DNA
was excised, purified (740609, Macherey-Nagel), and validated via
Sanger sequencing.

Flow cytometry

Ten days after limiting dilution, the supernatant from wells with
high cell densities were used to stain target cells. Supernatants were
transferred to wells in a V-bottom 96-well plate containing 20,000
target cells. After 20 min of incubation at 4°C, plates were centri-
fuged (90g, 2 min), and hybridoma supernatant was discarded by
flicking. Plates were washed twice with PBS/5% FBS and incubated
with anti-rIgG2a [phycoerythrin (PE)] (12-4817-8211, Thermo
Fisher Scientific) or anti-his-tag (PE) (362603, BioLegend) to assess
Fab’-secreting hybridomas. For isotype-grafted hybridomas, the
isotype was determined by using the following panel of secondary
antibodies on his-tag-positive supernatants: anti-mouse 1gG1 (PE)
(12-4015-82, Thermo Fisher Scientific), anti-mouse IgG2a (PE)
(12-4817-82, Thermo Fisher Scientific), anti-mouse IgG2b [fluorescein
isothiocyanate (FITC)] (11-4220-82), anti-mouse IgG3 (A488)
(A21151, Thermo Fisher Scientific), and anti-mouse IgA (FITC)
(559354, BD Biosciences). To assess antibody specificity, 50,000 JAWSII
cells per well were seeded in a V-bottom 96-well plate and stained
with Fab’ DEC205, NLDC-145, or AZN-D1 (aDC-SIGN) in concentrations
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ranging between 0.01 and 1000 nM. After 10 min of incubation at
4°C, 50 pl of the parental antibody NLDC-145 (PE) (1 pg/ml;
138213, BioLegend) was added to the wells. After 30 min of incuba-
tion at 4°C, the plate was acquired via fluorescence-activated cell sorting
(FACS).

Western blot

Supernatants from Fab’-engineered hybridomas were analyzed for
presence of Fab’ fragments by anti-his-tag staining and anti-rIgG
(H + L) staining. The purified murine MIHS5 isotypes were stained
for presence of rat and his-tagged heavy chains. Samples were run
under reducing conditions on 12% SDS-PAGE. Gels were trans-
ferred on polyvinylidene difluoride membrane and blocked with
3% bovine serum albumin in PBS-Tween 0.02% and stained with
rabbit anti-his-tag antibody (ab137839, Abcam), goat anti-rabbit
IgG (H + L) (IRD800) (926-32211, LI-COR), and goat anti-rIgG
(H + L) (AF680) (A-21096, Thermo Fisher Scientific).

Antibody production and isolation

Engineered hybridomas selected for production were expanded in
T175 flasks containing 20 ml of complete medium. Once confluent,
hybridomas were cultivated for 7 to 10 days in RPMI 1640 supple-
mented with 2 mM ultraglutamine, 1x arachidonic acid (AA), 50 uM
2-ME, and 10% FBS before Ni-NTA purification. For larger anti-
body titers, 20 million cells were seeded in CELLine Bioreactor
Flasks (900-05, Argos) and cultivated for 1 week. Antibody-containing
supernatants were separated from cells via centrifugation (90g, 5 min),
filtered through a 20-um filter, and supplemented with 10 mM imidazol
(12399, Sigma-Aldrich). Subsequently, the hybridoma supernatant
was run over an Ni-NTA column (30210, Qiagen). The column was
subsequently washed with 10 column volumes of PBS/25 mM imidazole
before antibody elution with PBS/250 mM imidazole. Buffer ex-
change to PBS [for mIgG3, 300 mM NaH,PO,4 and 50 mM NaCl,
(pH 6.5)] was performed via ultracentrifugation with Amicon
Ultra-15 centrifugal filter units (2717185, Sigma-Aldrich). Anti-
bodies from WT hybridomas were obtained by cultivating parental
hybridoma using a CD Hybridoma medium (11279023, Thermo Fisher
Scientific) supplemented with 2 mM ultraglutamine, 1x AA, and 50 uM
2-ME. Antibodies were purified from medium using Protein G
GraviTrap (28-9852-55, Sigma-Aldrich) according to the manufacturer’s
protocol. Antibody concentration was determined via absorption at 280 nm
with an extinction coefficient of 1.4. Protein purity was assessed by
SDS-PAGE using the SYPRO Ruby Protein Gel Stain (512000, Thermo
Fisher Scientific).

Sortase-mediated ligation

To assess sortase-mediated conjugation, a small nucleophilic
peptide [GGGCK(FAM)] was constructed via solid-phase peptide
synthesis. Antibodies were dialyzed into sortase buffer [150 mM
tris, 50 mM NaCl, and 10 mM CaCl, (pH 7.5)] via ultracentrifuga-
tion. Sortase-mediated reactions were carried out with 5 pg of
substrate (mAb or Fab’) in 10-pl volumes containing 1 (Fab’) or
2 (mAb) M equivalents of trimutant sortase A A59 (3M srt) (25)
and 50 (Fab’) or 100 (mAb) M equivalents of GGGCK(FAM) peptide.
After 1 hour of incubation at 37°C, the reaction was stopped via
addition of EDTA (10 mM final concentration). For each reaction,
500 ng was loaded on reducing SDS-PAGE and analyzed for fluo-
rescence and protein using the SYPRO Ruby Protein Gel Stain on
Typhoon Trio+.
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Native mass spectrometry analysis

mAbs were treated overnight with 4 U of PNGase F (Roche, IN, USA)
at room temperature. Subsequently, treated and untreated samples
were buffer-exchanged into 150 mM aqueous ammonium acetate
(pH 7.5) by ultrafiltration (Vivaspin 500, Sartorius Stedim Biotech,
Germany) with 30-kDa cut-off filter. Sample concentrations were
adjusted to 5 uM before 4 pl was used for native mass spectrometry
analysis. Native mass spectrometry analysis was carried out with a
modified Exactive Plus Orbitrap instrument with extended mass
range as described before (50). Intact Mass software was used for
zero-charge deconvolution of the spectra to determine the antibody
mass (51).

FcyR engagement

SPR measurement were performed on an IBIS MX96 (IBIS Technologies)
with a similar methodology as described before (28). In short, bio-
tinylated mouse FcyRI, FcyRIIb, and FcyRIV were immobilized in
duplicate ranging from 30 to 1 nM onto a single SensEye G-streptavidin
sensor. Then, MIH5 Fc variants were injected over the IBIS in PBS
supplemented with 0.075% Tween 80 in concentrations ranging
from 0.49 to 1000 nM. Ky calculation was performed by fitting a 1:1
Langmuir binding model to the RU3¢¢sc values at each antibody
concentration. For consistency, these fits were performed at each
receptor concentration, and the final K4 values were calculated by
interpolating to Ry, = 500. The measurements were performed in
triplicate.

ADCC invitro

Mouse whole blood ADCC with a °'Cr release assay was performed
as described before (52). Briefly, M38 cells were stimulated over-
night with IFN-y (100 ng/ml) to up-regulate PD-L1 expression and
used as target cells. Subsequently, the target cells (5000 cells per
well) were labeled with 100 uCu *'Cr for 2 hours at 37°C and washed
in complete medium. MIH5 isotype variants were added in a final
concentration of 10 ug/ml followed by addition of whole blood (25 ul)
derived from pegylated granulocyte colony-stimulating factor-
stimulated C57BL/6 mice expressing human CD89. Cellular mix
was incubated for 4 hours in 200 ul of RPMI 1640 and 10% FBS at
37°C. >'Cr release was counted in 50 ul of supernatant with a liquid
scintillation counter. The percentage of specific lysis was calculated
as follows: (experimental cpm — basal cpm)/(maximal cpm — basal
cpm) x 100, with maximal lysis determined in the presence of 5%
Triton X-100 and basal lysis in the present of a nonspecific antibody
control (AZN-D1, oDC-SIGN).

B cell depletion in vivo

B cells were isolated from two C57BL/6 mice via magnetic-activated
cell sorting (MACS) immunomagnetic depletion (CD43 MicroBeads,
130-049-801, MACS) and labeled with CellTrace Violet (C34557,
Thermo Fisher Scientific) or CellTrace Far Red (C34564, Thermo
Fisher Scientific). To increase PD-L1 expression, labeled B cells were
treated with IFN-y (100 ng/ml) and interleukin-4 (10 ng/ml) over-
night at 37°C. The following day, 9 million Far Red-labeled B cells
were incubated with MIH5 mIgG2a, mIgG2b, or mIgA (25 pg/ml)
and 27 million violet-labeled B cells with MIH5 mIgG2agjenc. Far
Red-labeled B cells and violet-labeled B cells were mixed 1:1 and
intravenously injected into C57BL/6 mice (6 million per mouse), which
were stimulated 6 hours earlier with LPS (1 ug/g). Part of the cell
suspension was analyzed to determine the ratio between Far Red

90of 11

6T0Z ‘LT JaqWaA0N uo /610 Bewasualos saoueApe//:dny woly papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

and Blue B cells injection. Twenty-four hours after injection, iso-
lated spleens were meshed through a 100-um cell strainer using
a syringe plunger. The resulting cell suspension was centrifuged
(90g, 5 min) and incubated in ammonium chloride potassium solution
to lyse erythrocytes. After 5 min of incubation, cells were washed
with PBS two times and analyzed with flow cytometry to determine the
ratio between violet B cells and Far Red B cells. To determine the relative
depletion, the following calculation was used 1 — [Injected (violet:Red)/
Isolated (violet:red)] X 100. Mice were maintained under specific
pathogen—free conditions and treated according to Institutional An-
imal Care and Use Committee guidelines.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
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