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ABSTRACT

In vitro: affinity maturation of therapeutic monoclonal antibodies is commonly applied to achieve desired
properties, such as improved binding kinetics and affinity. Currently there are no universally accepted
protocols for generation of variegated antibody libraries or selection thereof. Here, we performed affinity
maturation using a yeast-based single-chain variable fragment (scFv) expression system to compare two
mutagenesis methods: random mutagenesis across the entire V(D)) region by error-prone PCR, and
a novel combinatorial mutagenesis process limited to the complementarity-determining regions (CDRs).
We applied both methods of mutagenesis to four human antibodies against well-known immuno-
oncology target proteins. Detailed sequence analysis showed an even mutational distribution across
the entire length of the scFv for the error-prone PCR method and an almost exclusive targeting of the
CDRs for the combinatorial method. Though there were distinct mutagenesis profiles for each target
antibody and mutagenesis method, we found that both methods improved scFv affinity with similar
efficiency. When a subset of the affinity-matured antibodies was expressed as full-length immunoglobulin,
the measured affinity constants were mostly comparable to those of the respective scFv, but the full-
length antibodies were inferior to their scFv counterparts for one of the targets. Furthermore, we found
that improved affinity for the full-length antibody did not always translate into enhanced binding to cell-
surface expressed antigen or improved immune checkpoint blocking ability, suggesting that screening
with full-length antibody or antigen-binding fragment formats might be advantageous and the subject of
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a future study.

Introduction

Antibodies are potent therapeutics for various medical condi-
tions, including autoimmune disorders, infectious disease,
transplant rejection, and cancer." The binding equilibrium
dissociation constant (Kp) for therapeutic antibodies against
their targets range from sub-picomolar to nanomolar, depend-
ing on the mechanism of action.” For example, antibodies
designed to sequester soluble target molecules might benefit
from a low picomolar Kp, whereas the maximum efficacy for
antibodies against membrane-bound targets with high inter-
nalization rates might be achieved with a Kp, of 10-100 nM.”
Particular on-rate and off-rate binding kinetics (k,, and k.g)
might also be desired.” As a result, antibodies identified
through phage display,>® yeast display,® or mouse
immunization” often require further engineering (“affinity
maturation”) to achieve the appropriate affinities and kinetics
for in vivo efficacy. Though antibody affinity has been
improved through computationally-guided site-directed
mutagenesis,” '° many antibody engineers still rely on empiri-
cal methods that variegate antibody candidates and screen for
antibody variants with desired properties.

One major challenge of antibody affinity maturation is that
comprehensively mutagenized libraries can be enormously
diverse. Libraries encoding multiple combinations per clone

rapidly become very large. For example, while a library com-
prising all possible single amino acid variants in the heavy and
light chain V(D)] regions of a typical antibody with 226 amino
acids would contain 4,520 unique clones, a library comprising
two simultaneous changes would comprise over 10 million
different clones. Such large libraries can be expensive to pro-
duce, and thus investigators rely on more economical methods,
such as error-prone polymerase chain reaction (epPCR), DNA
shuffling''"* or production of smaller libraries focusing exclu-
sively on complementarity-determining region 3 (CDR3)
domains.">'® Highly diverse libraries can also be labor inten-
sive and costly to screen, so investigators have developed an
array of high-throughput methods, such as single-chain vari-
able fragment (scFv) phage, yeast display, antigen-binding
fragment (Fab) display, and full-length antibody mammalian
display."” Full-length antibody libraries are typically smaller
and closer to the drug format (i.e., a monoclonal antibody),
whereas scFv libraries are typically larger and cheaper to
screen.'® However, an affinity-matured scFv may not always
convert into an affinity-matured monoclonal antibody."
Despite the absence of universally adopted protocols, we are
not aware of any published studies that comprehensively
examine the performance of various methods for affinity
maturation side-by-side.
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Here we chose to focus on the yeast scFv display® screening
method to assess the utility of epPCR across the full V(D)]
versus a novel method for combinatorial NNK codon muta-
genesis directed against the CDRs (Figure 1). A total of eight
yeast scFv libraries were generated using both epPCR and
degenerate NNK combinatorial codon mutagenesis (using
VariantFind from Ranomics), starting with one human anti-
body directed against each of four immuno-oncology targets:
programmed cell death protein 1 (PD-1), programmed cell
death ligand 1 (PD-L1), cytotoxic lymphocyte-associated factor
4 (CTLA-4), and tumor necrosis factor receptor superfamily
member 4 (OX40). Long-read next-generation sequencing
(Pacific Biosciences) was used throughout the process to com-
prehensively assess library content before and after screening.*’
We selected 1-2 candidates from each library and assessed the
Kp of both full-length and scFv formats and performed in vitro
efficacy studies on the full-length candidates. At least in the
context of yeast scFv screening, either mutagenesis method can
generate antibodies with improved affinity. However,
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mutations in yeast scFv format that affect affinity do not always
maintain the same effect once expressed in a full-length anti-
body format, suggesting a need for further investigation of Fab
or full-length libraries.

Results
Mutant scFv library generation and characterization

To address the complicating factor that starting Kp impacts
ease of affinity maturation campaigns, we selected four parental
antibodies with Kp spanning more than two orders of magni-
tude, from sub-nanomolar K, to 38 nM for the weakest binder
(Table 1). Selecting antibodies directed against four distinct
targets further addressed the risk of target-specific bias in our
results. We previously observed that natural in vivo affinity-
matured antibodies preferentially accumulate mutations
within the CDR3 regions, with 6-7 amino acid changes in
total across the heavy and light chain V(D)].*' A separate
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Figure 1. Affinity maturation workflow. DNA sequences encoding four antibodies, targeting CTLA-4, 0X40, PD-1, and PD-L1, were first cloned into scFv formats before
undergoing mutagenesis using two distinct methods. The VariantFind method aimed to mutate two amino acids within the six CDRs of the light and heavy chains,
whereas the epPCR method aimed to mutate three amino acids anywhere along the entire scFv sequences (* represents mutation). The libraries were transformed into
a yeast scFv display system and sorted against their respective antigens with three rounds of FACS. The libraries were sequenced via Pacific Biosciences (PacBio) long
read sequencing before and after sorting. Enriched sequences were selected and cloned as full-length antibodies or scFvs, and their affinities were measured using

soluble or cell surface-expressed antigens.



Table 1. Kp measurements for the four parental antibody clones (tPD1.16,
tCTLA4.28, tPDL1.3 and t0X40.24) before being subjected to affinity maturation
campaigns, measured using SPR and BLI.

Parental antibody KD (nM) SPR KD (nM) BLI
tPD1.16 24 28.1
tCTLA4.28 4.6 5.2
tPDL1.3 0.13 1.8
t0X40.24 38 37.6

study showed that antibody libraries with a mutational load of
only 1-2 mutations across the entire scFv could effectively be
used to isolate high affinity antibody variants.”> We therefore
designed two mutagenesis strategies, one targeting three amino
acid changes across the entire scFv through epPCR (resulting
in 1-2 amino acid changes in the CDRs), the second one
averaging two amino acid changes only in the CDR regions
by NNK variegation.

Random mutagenesis was performed with the Mutazyme II
(Agilent Technologies) polymerase blend, which has been opti-
mized for reduced mutational bias. We performed long read
high throughput sequencing on a Sequel device (Pacific
Biosciences) to characterize the mutagenized libraries and
observed an average of three codon changing mutations
(range 0-11) over the length of the scFvs (Figure 2a). The
relative frequencies of transitions and transversions closely
reflected those reported by the manufacturer of the
Mutazyme II polymerase mix (Figure 2b). The distribution of
mutations was consistent across the entire scFv with no dis-
cernable bias between the framework regions (FR) and CDRs
or between the individual CDRs (Figure 2¢). We also found
that if the epPCR was repeated one or two additional times on
the same sample, the number of mutations could reproducibly
be doubled or tripled, respectively (data not shown). We esti-
mate that each epPCR library comprised approximately 10'°
possible scFv variants.

VariantFind NNK directed mutagenesis was performed by
multiplexed PCR using degenerate, codon randomized oligo-
nucleotides. In contrast with several competing methods,****
this method, like one described by Bloom,* has no restrictions
on the spatial separation between mutated codons. Sequencing
of the mutagenized libraries confirmed an average of two
mutations (range 0-13) per scFv (Figure 2a). The mutations
were localized to the CDR regions (Figure 2c), and each amino
acid was mutagenized into one of the 20 possible amino acids,
with the resulting amino acid distribution reflecting the codon
frequencies of the degenerate NNK (Supplementary Figure
S1-S4). There were mno strong positional biases
(Supplementary Figures S5-S8). However, an overrepresenta-
tion of mutations in CDR2L, which consists of only three
amino acids, was observed for all targets. Further analysis
showed that, whereas the presence of a particular amino acid
in a given position was occasionally low, a substantial portion
of the amino acids was represented in each position across all
templates (Supplementary Figure S1-S4). For unknown rea-
sons, four positions in anti-PD-L1 and one in anti-OX40 only
displayed 1-3 alternative amino acids besides the original
amino acid (Supplementary Figures S2, S4). We estimate
that each VariantFind library comprised 3-6 x 10> scFv
variants.
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We also examined the mutational profiles with respect to
amino acid classes (i.e., polar, nonpolar, positively and negatively
charged). We found that, whereas the two mutagenesis methods
generally produced very similar patterns across all four targets,
there was a slightly higher tendency for epPCR to lead to the
incorporation of negatively charged and polar side chains (Figure
2d). There were more substantial differences for individual amino
acids. Whereas the amino acid class distribution for VariantFind
clones reflected that expected for NNK codons and was not
detectably affected by the original amino acid, particular amino
acids were biased in the epPCR samples (Supplementary Figure
§9). For example, 61.6-66.5% of the mutated amino acids origi-
nating from a glutamine codon were found to be positively
charged and never polar. Similarly, valine was mutated to
anonpolar amino acid in 68.3-75.8% of cases, with the remainder
almost exclusively negatively charged. Other original amino acids
with strongly skewed mutational profiles included cysteine, phe-
nylalanine, isoleucine, leucine, arginine, and tryptophan. A key
distinction between epPCR and VariantFind mutagenesis is that
for the former the likelihood of a particular derived amino acid
codon is influenced by the codon of the parental sequence, which
is not the case for VariantFind. Notably, in the four epPCR
libraries, 10 of the 20 amino acids never converted to
a negatively charged amino acid regardless of the position in the
original protein sequence. Examination of the codon repertoires
for these 10 amino acids revealed that a minimum of 2 nucleotide
substitutions are required to convert them to encode either aspar-
tic acid or glutamic acid.

Affinity enrichment of yeast-displayed mutated scFv

To enrich for mutagenized scFv clones with improved antigen
binding affinities, we used yeast scFv surface display and fluor-
escence-activated cell sorting (FACS).%*® Three rounds of FACS
were performed on each sample, and for each round approxi-
mately 3,000 cells were isolated from a total population of
approximately 3 million cells (0.1%; Figure 3a-b). The applied
antigen concentrations for each round of FACS were guided by
the antigen binding signal of each input library, with the inten-
tion to achieve increased signal in each round without losing too
much of the antigen binding cell population. A previous pilot
study had shown that application of antigen concentrations of
10 nM followed by 2 nM resulted in sorted libraries of desirable
diversity. The intension was also to apply similar selective con-
ditions for all libraries to assess how the affinity of the parental
antibody would influence the resulting complexity and binding
affinities of the post-sort population. Hence, for the first round
of sorting, 10 nM concentration of antigen was used for all
samples, whereas either 5 or 2 nM was used for consecutive
rounds. In each round of sorting the top ~0.1% of the antigen
positive cells were collected. A square gating strategy was
applied, in an effort to select for scFv that were the strongest
binders and most consistent expressors. This ensured homoge-
neous scFv expression for consecutive rounds of sorting and
selected against potential mutations of the c-myc tag that were
introduced during library construction.

For the first round of sorting, the proportion of antigen-
binding cells represented 20-40% of the total population of
mutagenized cells. This was substantially higher than previously
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Figure 2. Mutational profiles of in vitro mutagenized antibody libraries as assessed by Pacific Biosciences sequencing. (a) Boxplots showing the number of amino acid
mutations in each library relative to the parental antibody sequences. (b) Categorization of nucleotide changes in the epPCR mutagenized libraries. The expected
mutational frequency (Mutazyme I1) is presented for comparison. (c) Amino acid mutation frequency along light (left panel) and heavy (right panel) chain sequences.
The x-axis represents amino acid position according to the IMGT annotation. The y-axis represents mutation frequency as percentage of the total number of mutations
for a given library. EpPCR and VariantFind libraries are color coded as indicated in the legend. CDR regions are shaded in yellow. (d) Predicted and observed mutational
distributions based on classification of amino acid side chain properties (polar, nonpolar, positively and negatively charged).

reported®” for an anti-dioxygenin scFv phage display library,
where only 6.7% of cells were found positive in a library with
a mutational load of 3-4 amino acid changes across the length of
the scFv. We speculate that this difference resulted from the
different expression systems used, the nature of the antigens,
or simply the particular parental antibodies studied. Also, we

often observed a substantial increase in absolute fluorescence
signal either after the first or second round of sorting (Figure 3a-
b). Post-sorting signals, normalized for expression, were 13- to
27-fold higher than for the parental clones for the anti-PD-1,
anti-CTLA-4, and anti-OX40 antibodies, whereas the signal for
the already high affinity anti-PD-L1 antibody only increased by
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Figure 3. Flow cytometry profiles for parental scFv yeast clones, epPCR, or VariantFind mutagenized libraries, and post-sort libraries. (a) EpPCR mutagenized samples. (b)
VariantFind mutagenized samples. Each row from left to right represents the following samples: parental strain, unsorted mutagenized library, and one, two, or three
times sorted libraries, all stained with the relevant soluble antigen. The y-axis reflects antigen binding, whereas the x-axis displays scFv expression through staining of
the c-myc tag.

a factor of 3- to 4-fold. Additionally, we investigated the benefit Following the third round of sorting, the scFv inserts in each
of additional rounds of sorting, but observed no measurable library were PCR amplified using barcoded primers and pooled
increase in median antigen fluorescence signal going beyond prior to long-read sequencing (Pacific Biosciences). We
three rounds. observed clear differences between libraries in terms of the
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distribution of mutations in the affinity enriched samples
(Figure 4a). For example, post-sort anti-CTLA-4 VariantFind
clones contained more amino acid mutations than the post-
sort anti-PD-L1 VariantFind clones. We also observed differ-
ences between libraries in terms of the diversity of clones
observed in post-sort samples (Figure 4b). For example, the
post-sorting anti-PD-1 and anti-OX40 scFv libraries derived
from either mutagenesis method were oligoclonal, with the
most abundant clones representing 65.08% and 93.12% of the
library, respectively. In contrast, the anti-PD-L1 and anti-
CTLA-4 libraries consisted of a larger number of more evenly
represented clones, with no single clone exceeding 35% fre-
quency. We observed that the diversity of the enriched libraries
was proportional to the affinity of the parental clones, consis-
tent with the more stringent selectivity applied to the libraries
of lower affinity parental antibodies (anti-PD-1 and anti-
0X40) (Table 1 and Figure 4b).

After the third round of sorting, the distribution of amino
acid changes across scFv domains was distinct for each library
and mutagenesis protocol (Figure 4c; Supplementary Figure
$10a). For example, sorting of the epPCR anti-CTLA-4 library
yielded antibodies with a clustering of mutations in the light
chain FR 4 (FR4L; 37.4% of mutations, normalized by the
length of the antibody region), whereas for the VariantFind
anti-CTLA-4 library, the most abundant mutation was in
CDRIL (51.1%). On the other hand, the epPCR mutagenized
anti-OX40 antibodies had the highest occurrence of mutations
in CDR3H (25.5%) and FR2H (14.7%), with lower and mostly
even distribution of mutations across the remainder of the
sequence. For this target, the VariantFind library produced
one dominant mutation in CDRIL and similar levels of muta-
tions in the remaining CDRs. Overall, the fraction of epPCR
clones with codon changing mutations in the CDRs after sort-
ing was markedly increased among the enriched anti-PD-1,
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Figure 4. Sequence characteristics the mutagenized libraries after FACS sorting. (a) Boxplots showing the number of amino acid mutations in each library relative to the
parental antibody sequences. Pre- and post-sort libraries are shown in blue and orange, respectively. P-values were determined using Wilcoxon rank sum test

(**p < .0001, *p < .05, ns = not significant). (b) Library diversity post-FACS

enrichment. The panels represent the 8 mutagenized libraries (top = epPCR,

bottom = VariantFind). The x-axis shows the top 10 clones ranked by abundance, while the y-axis shows their percent abundance, as measured by percent sequencing
reads, in the respective libraries. The bars are color-coded to indicate the number of amino acid mutations in the clones. (c) Distribution of mutations in different
antibody regions (FR = framework region, CDR = complementarity-determining region) on the light (I) and heavy (h) chains. The y-axis represents percent mutation,
normalized by the number of amino acids in a given region, relative to the total number of mutations in the library. The blue and orange bars represent pre- and post-

sort libraries, respectively. CDR regions are shaded in yellow.



anti-CTLA-4, and anti-OX40 clones, whereas framework
mutations for these samples were less common (Figure 4c).
For anti-PD-1, the number of clones with at least one CDR
mutation increased from 47% pre-sort to 84% post-sort,
whereas for anti-OX40, 90% of the clones had at least one
CDR mutation after three sorts (Supplementary Figure
$10b), consistent with prior suggestions that affinity matura-
tion should focus on CDRs.>”*® However, contrary to the other
libraries, anti-PD-L1 showed a small decrease in CDR muta-
tions when comparing pre- and post-sort clones.

We also observed that at the single codon level, the muta-
genic hotspots identified with VariantFind generally did not
overlap with those found by epPCR. However, both mutagen-
esis methods produced some common mutations in CDR3H
region for anti-PD-1, anti-CTLA-4, and anti-OX40, and in the
CDR3L of anti-PD-1 (Supplementary Figure S10a). For
example, whereas 51.1% of the VariantFind anti-CTLA-4
mutations occurred in the CDRIL region, only 5.1% of the
epPCR mutations were in the same region. Sequence analysis
demonstrated that several of the clones enriched from the
VariantFind libraries were originally present in the pre-sort
epPCR library but did not appear among the top clones after
sorting. We speculate that in the higher diversity epPCR
libraries, these clones were outcompeted by other clones
under the specific selection conditions used or due to the
stochastics of the sorting process.

Assessment of full-length and scFv candidates in vitro

We selected a set of scFv clones from the affinity maturation
campaigns for each target antigen to express as full-length
human IgGl antibodies (Supplementary Table S1).
Typically, the 1-2 most abundant clones post-sort were
selected, however, slightly less enriched clones were also cho-
sen to capture a more diverse set of sequence variants. For
example, both the VariantFind and epPCR anti-PD-1 libraries
were extremely oligoclonal after sorting, so we only chose the
top 2-3 clones for each. We chose as many as six clones from
other post-sort libraries. The cell culture supernatants contain-
ing secreted antibodies were used for Kp measurements by
biolayer interferometry (BLI).

We did not observe a clear relationship between the
sequence abundance of a given scFv clone after three rounds
of FACS selection and the measured affinity for the corre-
sponding full-length antibody (Supplementary Tables S2-S3)
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. For example, though the top-ranking anti-PD-1 clones com-
prised 93% and 90% of the post-sort epPCR and VariantFind
libraries, respectively, the second-ranking clones, present at
0.4% and 5.8%, respectively, had lower Kp values than the
top ranked clones. Likewise, the second-ranking epPCR anti-
0X40 clone (1.1% abundance) had an almost 4 times lower Kp
than the most abundant clone (65.1% abundance). Only for the
anti-CTLA-4 antibodies did the top-ranking clones coincide
with the strongest binders. This suggests that, at least when
using our particular yeast scFv sorting protocol, a higher affi-
nity scFv does not necessarily lead to higher abundance after
three rounds of sorting.

We improved the affinities of some parental antibodies,
whereas other antibodies remained recalcitrant to affinity
maturation (Supplementary Tables S2-S3, Supplementary
Figure S11). The affinity enriched anti-OX40 full-length anti-
bodies were the most improved, with one antibody measuring
a 10-fold improved Kp, while the top ranking anti-CTLA-4 was
about 4-fold improved. The remaining antibodies achieved at
most 2- to 3-fold gains in affinity. The most challenging case
was anti-PD-L1, which did not improve measurably despite
a 4-fold higher mean fluorescent antigen binding signal for
enriched yeast-displayed scFvs (though it also had the stron-
gest starting affinity). Although the mean fluorescent antigen
binding signal for the yeast-displayed anti-PD-1 scFv was sub-
stantially increased by 18- and 25-fold for the epPCR and
VariantFind libraries, respectively, the full-length clones exhib-
ited no more than 2-fold improved affinity. Thus, increases in
mean fluorescent antigen binding signal after three rounds of
sorting do not appear to be generally predictive of improve-
ments in antibody affinity.

We hypothesized that FACS with scFv variant libraries
might select mutations that improve affinity in the scFv, but
not the full-length format. To investigate, we measured the Kp
of a selected set of antibodies by equilibrium binding of antigen
to cell-surface displayed scFvs on yeast.”” In general, we found
good agreement between the parental scFv Kp, and the corre-
sponding parental full-length antibody Kp measured by BLI
(Tables 2-3). However, almost all the scFv clones identified
through yeast scFv sorting achieved greater relative gains in
affinity over their parental scFv clone than their corresponding
full-length antibodies (Tables 2-3). For example, the rPD1.16.1
full-length antibody and the corresponding scFv had affinities
of 36.8 nM and 1.6 nM, respectively. Compared to the parental
scFv, the post-sort enriched scFv had an 11.5-fold improved

Table 2. Kp measurements for parental and epPCR derived full-length antibodies and their corresponding scFv clones, measured using BLI.

Full-length scFv
Antibody KD (nM)  Fold improved KD compared to parental clone KD (nM)  Fold improved KD compared to parental clone
Error-prone PCR tPD1.16 (parental) 28.1 - 18.4 -
epPD1.16.1 16.3 1.7 2.2 83
epPD1.16.2 13.8 2.0 NA NA
tCTLA.4.28 (parental) 52 - 6.9 -
epCTLA4.28.1 1.8 29 1.2 58
tPDL1.3 (parental) 1.8 - 0.2 -
epPDL1.3.1 14 13 0.3 0.8
epPDL1.3.3 22 0.8 0.2 1.2
t0X40.24 (parental) 37.6 - 314 -
ep0X40.24.1 14.4 2.6 3.8 83
ep0X40.24.2 38 10.0 7.9 4.0
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Table 3. Kp measurements for parental and VariantFind derived full-length antibodies and their corresponding scFv clones, measured using BLI.

Full-length scFv
Antibody KD (nM) Fold improved KD compared to parental clone KD (nM) Fold improved KD compared to parental clone
VariantFind tPD1.16 (parental) 28.1 - 18.4 -
rPD1.16.1 36.8 0.8 1.6 1.5
rPD1.16.2 12.3 23 1.7 10.8
tCTLA4.28 (parental) 52 - 6.9 -
rCTLA4.28.1 1.2 4.2 0.5 13.8
tPDL1.3 (parental) 1.8 - 0.2 -
rPDL1.3.1 1.0 0.8 0.1 3.2
t0X40.24 (parental) 37.6 - 314 -
r0X40.24.1 8.9 4.2 2.2 14.3
r0X40.24.2 6.9 54 2.0 15.7

Kp, whereas the post-sort enriched full-length antibody was
a slightly weaker binder than the parental full-length antibody.
For these anti-PD-1 clones, conversion of the scFv into a full-
length antibody likely had a detrimental structural impact,
making these scFv clones unsuitable for conversion into full-
length IgG1 without further protein engineering.

Ultimately, the goal of an antibody affinity maturation cam-
paign is to identify functionally improved molecules. We there-
fore compared the function of several clones using cell-surface
binding and in vitro efficacy assays. rOX40.24.2For example,
the anti-PD-1 and anti-PD-L1 antibodies had between 4.8- to
9.6-fold stronger binding to cells than to corresponding soluble
antigens. We speculate that the increased affinity of the anti-
bodies to cell-surface antigens may be a result of conforma-
tional differences between the soluble and surface- expressed
antigens, post-translational modifications, or an avidity effect
caused by the close proximity of target antigens on the cell
surface.’® In contrast, for the anti-CTLA-4 antibodies, cell
surface ECsy values were comparable to the BLI affinity con-
stants (Figure 5a; Table 4).

To determine whether our affinity-matured antibodies had
improved efficacy in an in vitro activation model, we measured
the ability of the antibodies to modulate signaling in cellular
assays depending on their mechanism of action: 1) by blocking
interaction of PD-1 with PD-L1; 2) by blocking CTLA-4 sig-
naling from CD80 and CD86; or 3) by agonizing FcyRIIB-
dependent OX40 signaling (Figure 5b).”" The ECs, values for
these assays generally corresponded to the cellular binding
ECs values for the full-length antibodies (Table 4). The post-
sort enriched anti-PD-L1 and anti-OX40 antibodies failed to
exert any gain in function over the parental counterparts,
consistent with the equivalent binding affinities to the cells.
On the other hand, the epPCR-derived clones epPD1.16.1 and
epCTLA4.28.1 were both twice as potent as the corresponding
parental full-length antibodies, presumably because of their
stronger cellular binding.

Discussion

In this study, we used an established yeast scFv sorting
protocol® to evaluate two mutagenesis methods for affinity
maturation: epPCR across the full V(D)] versus combinatorial
NNK codon mutagenesis (VariantFind) directed against CDRs.
We used the protocols to attempt to affinity-mature four anti-
bodies against four different immuno-oncology protein targets

(CTLA-4, OX40, PD-1, and PD-L1). We used long-read high
throughput sequencing (Pacific Biosciences) before and after
sorting to accurately quantify the frequency of each amino acid
mutation across the full heavy and light chain V(D)] sequences.
We estimate that the VariantFind libraries contained 3-5 x 10°
possible scFv variants, and the epPCR libraries theoretically as
many as 10' potential variants. Though each variegation
method produced very different amino acid mutation profiles,
neither method was distinctly superior at identifying antibo-
dies with improved Kp. Generally, our methods produced
affinity-matured scFv more efficiently than affinity-matured
full-length antibodies, suggesting that some mutations that
improve scFv affinity do not necessarily improve full-length
antibody binding. We also observed that improvements in Kp
against soluble antigen did not necessarily translate into
improvements in binding to cell surface-expressed antigen or
ability to modulate in vitro cellular activation.

The number of variant sequences generated for antibody
affinity maturation campaigns varies widely. Targeted libraries
may be easier to screen, but may also miss critical variants in
unexpected domains. A larger library of variants requires more
effort to screen, but theoretically increases the probability that
the library contains an affinity-matured variant. For example,
highly targeted, computer-assisted rational design may only
generate a single hypothesis for a single antibody variant,
simplifying laboratory experimentation.'® In contrast, epPCR,
as conducted in this study, may generate as many as 10"
variants, requiring sophisticated screening protocols.
Generally, most random V(D)J mutations lead to no change
in affinity while most mutations that enhance affinity occur in
CDRs, and random mutations in FRs often lead to unstable
antibodies.”®** Accordingly, we observed that post-sort epPCR
clones contained more mutations in the CDRs than FRs. On
the other hand, particularly for anti-PD-1 and anti-OX40, we
observed common FR mutations in the post-sort epPCR
clones, suggesting that advantageous mutations can arise out-
side the CDRs. Another important concern is coverage of
synergistic or compensatory mutations, which have been seen
in prior studies.’® Because our epPCR libraries comprised 3
mutations across the V(D)Js (with 1-2 of them in the CDRs),
we would be unlikely to identify synergistic or compensatory
mutations in these libraries. The VariantFind libraries were
more likely to contain these types of mutations, since they
comprised an average of two mutations and specifically tar-
geted CDRs. One method that might capture synergistic or
compensatory mutations involves consecutive rounds of
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Figure 5. Analysis of affinity-matured full-length antibodies. (a) Cellular titrations of full-length antibodies. Cells were incubated with a dilution series of each antibody,
then antibody binding was detected by a PE-labeled antibody against the Fc region. Binding is measured by median fluorescent intensity (MFI) of the PE channel. (b)
Functional assessment of inhibition (for anti-PD-1, anti-PD-L1, and anti-CTLA-4) or agonism (anti-OX40) using Promega in vitro efficacy assays. Inhibition or agonism is
measured by relative luminescence units (RLUs) across a dilution series of each antibody. Antibodies were tested in duplicate (anti-PD-1, anti-PD-L1) or triplicate (anti-
CTLA-4, anti-OX40). Average =+ standard deviation is shown. For all plots, parental antibodies and variants are shown in black and color, respectively. Derived ECs, values

are listed in.Table 4

mutagenesis interspersed by rounds of selection.”* To this end,
a mutagenesis strategy of particular interest to us would be to
first perform exhaustive CDR-centric VariantFind mutagen-
esis, followed by one or two rounds of epPCR across the entire
scFv.

For future efforts, there are several process optimizations
that could be wused to improve results. An obvious

improvement would be to sort more clones, especially for
our epPCR library, which we estimated could have upwards
of 10" possible variants. With a smaller number of samples,
we could reasonably sort 5 x 107 cells using FACS or use
magnetic-bead-based isolation systems for a larger first
round of sorting. We could also modify our sorting strategy
to select for higher affinity clones or clones with the desired
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Table 4. Functional assessment (cellular binding and cellular activation in vitro) of
a selection of full-length antibodies. Cell surface binding and functional efficacy
ECs values are derived from titration curves presented in Figure 5a,b.

KD Cellular Binding ECs,

Functional Efficacy ECs

Antibody (nM) (nM) (nM)
tPD1.16 28.1 2.8 7.5
epPD1.16.1 16.3 2.0 3.8
tCTLA4.28 52 52 3.7
epCTLA4.28.1 1.8 2.1 1.8
tPDL1.3 1.8 0.3 0.3
epPDL1.3.3 2.2 0.4 0.3
t0X40.24 376 0.7 0.6
ep0X40.24.2 38 0.8 0.9

characteristics. Here we used a moderate 2-5 nM antigen
concentration for all steps and found the most improvement
in cases where the affinity of the parental clone was much
lower than this concentration. Thus, especially for the higher
affinity antibody-antigen pairs, a further reduction in the
antigen staining concentration could more clearly differenti-
ate tighter binders. Alternatively, kinetic screening based on
reduced dissociation rate, where the initial stain is followed
by a pulse of non-labeled antigen, could identify clones with
the desired kinetic parameters.”® Finally, as not all scFvs
retained their characteristics upon reformatting to full-
length IgG, it is of great interest to screen antibodies in
a more native format. There are multiple reports of using
Fab on phage,”>*° yeast,””*® or mammalian cells* to evolve
higher-affinity full-length antibodies. As the Fab format
retains the native heavy-light interface but operates indepen-
dently of the Fc, it is more likely that selected mutations will
retain their benefit upon reformatting. In addition, the Fab
format avoids possible avidity effects of true full-length plat-
forms and is small enough to be reasonably expressed on
yeast for larger libraries.

Though we successfully identified affinity-matured antibodies
for PD-1, OX40, and CTLA-4, we were not able to identify any
affinity-matured antibodies for PD-L1. Uniquely among the four
affinity maturation campaigns, the post-sort anti-PD-L1 antibo-
dies were not enriched in CDR mutations. We speculate that since
the parental antibody was already of considerably higher affinity
than the other parental antibodies, FACS at lower antigen con-
centrations would have brought a different outcome. We also note
that the CDR3H of the parental anti-PD-L1 antibody was rich in
tyrosines (5 of 12 residues), an amino acid with physiochemical
properties making it particularly effective in antigen binding, and
hence possibly less receptive to affinity enhancing mutagenesis.*’

Looking forward, current methods for mutagenesis, anti-
body variant display, and screening for binders still need
further optimization, especially as technologies for DNA
synthesis and cell engineering become cheaper and more pre-
cise. Still, one of the most under-explored areas for improve-
ment is how antibody developers assess antibody
improvement. To date, engineers have mostly focused on
improvements in affinity kinetics, even though affinity does
not necessarily correlate with improved function. For example,
recently there have been substantial improvements in minia-
turization and throughput of functional cellular assays.*"*** In
the future, we expect that antibody developers will combine
antibody variegation technologies with high-throughput

functional assays, enabling a direct selection for the desired
function.

Materials and methods
Parental scFv clones

The parental clones used as templates for mutagenesis (Table
1) were identified using a microfluidics-based single cell anti-
body discovery platform.*"**** Briefly, fully human transgenic
mice (Trianni, San Francisco, CA) were injected with soluble
antigen.”' Millions of B cells were run through the microfluidic
system, generating yeast scFv libraries of natively paired Ig
heavy and light chains. The yeast scFv libraries were then
screened for binders using 3-4 rounds of FACS. The parental
clones were designated tPD1.16, tCTLA4.28, tPDL1.3 and
t0X40.24 (the “t” prefix refers to Trianni-derived antibodies).
The polyclonal libraries derived from each parental clone are
designated simply anti-PD-1, anti-PD-L1, anti-CTLA-4, and
anti-OX40.

Parental scFv expression constructs were generated by PCR
amplification of individual heavy and light chain variable
regions, using templates plasmids harboring tPD1.16,
tCTLA4.28, tPL1.3, or tOX40.24. We used a combination of
gene specific primers and universal primers for the light and
heavy chain constant regions. The constant region primers had
complementary 5’ ends enabling a subsequent overlap-
extension PCR reaction to generate a single-chain scFv gene
with an N-terminal kappa light chain and a C-terminal heavy
chain. The primers also included a nucleotide sequence encod-
ing an 18 amino acid spacer sequence
(ASSRSSSSGGGGSGGGAS). A carboxy-terminal c-myc tag
was appended to allow for quantification of cell surface expres-
sion. PCRs were performed using Q5 High Fidelity DNA
polymerase (New England Biolabs, Ipswich, MA) and primers
were custom synthesized by Integrated DNA Technologies
(Coralville, TA).

The scFv amplicons were inserted into a linearized plasmid
derived from p414-GAL1 (American Type Culture Collection,
Manassas, VA) through homologous recombination in
S. cerevisiae strain EBY100 ((MATa URA3-52 trpl leu2Al
his3A200 pepd:HIS3 prblA1.6 R canl GAL (pIU211:URA3)
(American Type Culture Collection, Manassas, VA). Yeast
cells were conditioned for transformation by 15 min incuba-
tion in 2.5 M DTT** and transformed by electroporation in
2 mm gap electroporation cuvettes (89047-208, VWR
Scientific, Radnor, PA) on a Bio-Rad Gene Pulser II (0.54 kV,
25 uF, resistance set to infinity) in a sucrose containing buffer
(10 mM Tris, pH 7.5, 270 mM sucrose, 1 mM MgCl,). After
recovery in YPD medium, transformed cells were plated on
SDCAA minimal media agar plates with antibiotics (Teknova,
Hollister, CA). The plasmid-borne scFv constructs were
sequence-verified by Sanger sequencing.

Generating variegated scFv libraries

Random mutagenesis was performed by epPCR using the
Genemorph II Random Mutagenesis kit (200550, Agilent



Technologies, Santa Clara, CA). First, mutagenesis templates
were generated by standard PCR amplification using Q5 poly-
merase (Thermo Fisher Scientific, Waltham, MA) and primers
immediately flanking the scFv region. The mutagenesis reac-
tion was performed according to the manufacturer’s recom-
mendations. Briefly, 1 ng of PCR generated template was
amplified for 20 cycles in 1 x Mutazyme II reaction buffer
supplemented with 0.8 mM dNTPs, 150 nM of each primer
and 2.5 units of Mutazyme II DNA polymerase. This procedure
reproducibly generated ~5 nucleotide mutations across the
~1.1 kb template DNAs.

CDR-targeted mutagenesis was performed by Ranomics
(Toronto, ON) using their proprietary VariantFind"™ technol-
ogy, which utilizes an NNK oligo-based multiplex PCR
approach to randomly introduce mutations in precisely speci-
fied positions of the target gene. We designed our library to
include two amino acid changes randomly distributed across
all heavy and light chain CDRs. Depending on the combined
length of the CDRs for each target, between 41 and 55 codons
were subject to mutagenesis. One microgram of plasmid DNA
(50 ng/ul) containing the parental scFvs were provided to
Ranomics, and approximately 1 pg of mutagenized PCR pro-
duct was received in return.

Each epPCR and VariantFind library was then introduced
into yeast using the methods described above for the genera-
tion of the parental scFv clones, i.e., transformation of the
mutagenized scFv libraries with the linearized p414-GALLl
vector into yeast. Approximately 2 x 10° cells were transformed
for each library and after growth in SDCAA selective media
(Trp~) (Teknova, Hollister, CA), yielded 1-2 x 107 transfor-
mants for each epPCR library and 5 x 10” transformants for
each VariantFind PCR library.

Variant calculations

The number of possible mutants for the epPCR variegated
libraries was calculated using the formula provided below.
The calculation was based on a total of between 222 to 235
targeted amino acids and an average of 3 amino acid mutations
per individual molecule in each of the epPCR libraries, and
between 41 and 55 targeted amino acids and an average of 2
mutations in the VariantFind libraries. The calculations did
not take into account the intrinsic mutational biases of each
mutagenesis method.

((x")(2!/(z-y)!1)/y! = number of possible amino acid variants

where

x = number of amino acid choices

y = number of amino acid changes per molecule

z = number of amino acid position that can be varied

Pacific biosciences long read sequencing

The sequence diversity of the mutagenized parental libraries
and the FACS-sorted libraries was determined on a Sequel
System (Pacific Biosciences, Menlo Park, CA), at either MR
DNA (Molecular Research LP, Shallowater, Texas) or Vincent
J. Coates Genomics Sequencing Laboratory at the University of
California, Berkeley. Samples were prepared by first isolating
the scFv carrying plasmids from each yeast strain. Briefly,
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8 x 10° yeast cells for each strain were cultured overnight in
selective SDCAA medium, diluted to a concentration of 2 x 10°
cells/ml and further incubated in SDCAA medium for an
additional 6 hours for optimal plasmid isolation using the
Zymoprep Yeast Plasmid Miniprep II kit (Zymo Research,
Irvine, CA). Preparation of sequencing-ready templates was
accomplished by PCR amplification of the entire scFv insert
using Q5 High Fidelity 2x Master Mix (Thermo Fisher
Scientific, Waltham, MA) with Sequel-compatible 5’ barcoded
primers for multiplexed sequencing (Pacific Biosciences,
Menlo Park, CA) for 25 or 30 cycles to satisfy the minimum
requested template amount of 500 ng. Final preparation of the
amplicon samples for sequencing was done following standard
SMRTbell library preparation procedures.

The Sequel sequencing reactions were run for 20 hours,
generating an average of 29,724 circular consensus sequences
(CSS) per sample (Supplementary Table S4). The CSS reads
were mapped to their respective parental scFv sequences using
bwa (version 0.7.17-r1188)* using the default parameters.
Mapped reads with insertions or deletions were excluded
from downstream analysis. The nucleotide sequences were
translated to amino acid sequences in silico to identify amino
acid substitutions relative to the parental sequences
(Supplementary Table S1). Each unique amino acid sequence
was assigned a “rank” based on read abundance. Five to nine
mutated scFvs per target were manually selected based on rank
and sequence uniqueness for further cloning into full length
antibodies.

The parental antibody amino acid sequences were anno-
tated using ANARCIY  using the international
ImMunoGeneTics (IMGT) numbering scheme.”® To visualize
mutation hotspots along the heavy and light chains (Figure 2c
and S10a), the number of unique clones with a mutation at
each amino acid position was counted using custom Perl
scripts. The resulting mutation frequency was converted to
percentage and visualized in R 3.6.0 using ggplot2 3.2.1.* To
visualize mutation frequency within the CDR and FR (Figure
4c), the mutation counts within each region was divided by the
amino acid sequence length, before conversion into percen-
tages. The VariantFind mutation matrices (Supplementary
Figures S1-S4) were generated using pheatmap 1.0.12 in
R 3.6.0.

FACS of yeast scFv libraries

Yeast scFv FACS generally followed previously published
protocols.® Antigens represented the extracellular, soluble por-
tions of each target protein and were procured in a lyophilized
form from either R&D Systems (PD-1, 8986-PD-100; PD-L1,
9049-B7-100) (Minneapolis, MN) or Acro Biosystems (CTLA-
4, CT4-H5229; 0X40, OX0-H5224) (Newark, DE). Antigens
were labeled with biotin using the EZ-Link™ Sulfo-NHS-LC-
Biotinylation Kit (A39257, Thermo Fisher Scientific, Waltham,
MA). Briefly, 50-100 ug of lyophilized protein was resus-
pended over 8-12 hours in either phosphate-buffered saline
(PBS) or H,O without agitation at 4°C. Biotin labeling was
accomplished in aqueous solution by combining target pro-
teins in a 1:50 molar ratio with NHS-LC-biotin reagent freshly
prepared as a 9 mM stock. The reaction was incubated without



€1803646-12 J. F. SIMONS ET AL.

agitation in the dark at 4°C for 2 hours after which a 7 kD
MWCO Zeba desalting column (89890, Thermo Fisher
Scientific, Waltham, MA) was used to remove excess biotin
from the solution. Subsequently, the purified labeled proteins
were quantified by Bradford assay (Thermo Fisher Scientific,
Waltham, MA) using a standard curve of titrated bovine serum
albumin (BSA) ampules (23209, Thermo-Fisher Scientific).
Biotin labeling was verified by Western Blotting using
Streptavidin-HRP (21130, Pierce, Waltham, MA).

For FACS sorting a minimum of 10 million freshly cultured
yeast cells for each scFv library were suspended in selective
SDCAA medium at a density of 2 x 10° cells/ml and cultured
for 16 hours at 30°C. Cell surface expression of mutant scFv
proteins was induced by diluting the cultures to
a concentration of 8 x 10° cells/ml in SGRCAA medium (2%
galactose, 2% raffinose; Teknova) followed by incubation at 20°
C for 20-24 hours with agitation. For fluorescent labeling,
washed cells were incubated for 30 min at room temperature
in the presence of chicken anti-c-myc polyclonal antibody
(A21281, Thermo Fisher Scientific, Waltham, MA) at 5 pg/ml
and the appropriate biotinylated antigen. For the first round of
sorting, each sample was incubated with 10 nM biotinylated
antigen, while for the second and third rounds the antigen
concentrations were adjusted based on the flow cytometry
signal distribution from the previous round. Thus, in
the second and third rounds all VariantFind™ samples were
incubated with 2 nM antigen, whereas the epPCR samples
received either 5 nM (anti-CTLA-4, anti-PD-L1, and anti-
0X40) or 2 nM (anti-PD-1) antigen for the second round
and 2 nM for the third round, except anti-OX40, which
received 5 nM in the final round. Subsequently, each sample
was incubated at room temperature for 30 min with 12 pug/ml
AF488-goat anti-chicken IgY and 1:300 diluted allophycocya-
nin (APC)-streptavidin (A11039 and SA1005, respectively,
Thermo Fisher Scientific, Waltham, MA). Cells were flow
sorted for double-positive cells (AF488/APC) on a BD
FACSMelody (Becton-Dickinson, Franklin Lakes, NJ)
equipped with 488 nm (527/32 nm filter and 507 nm LP
dichroic mirror) and a 640 nm (660/10 nm filter and dichroic
mirror) lasers and recovered cells were grown for 48 hours in
SDCAA medium supplemented with kanamycin, streptomy-
cin, and penicillin (Teknova, Hollister, CA). After each round
of sorting an aliquot of the enriched and propagated cells were
frozen and archived at —80°C. To assess the change in fluor-
escent signal between the input library and the enriched cell
population after each FACS round, an aliquot of the enrich
cells were run in parallel with the precursor population and the
parental monoclonal cells on the flow cytometer.

Generation of full-length antibodies

The generation of the full-length constructs was accomplished
by Gibson assembly from synthetic oligonucleotides on
a BioXP 3200 System (SGI-DNA, San Diego, CA) and simul-
taneously introduced into vector pcDNA5/FRT EFla-IgGl
under the control of the IEla promoter for expression in
mammalian cells. The assembled plasmids were transformed
into electro-competent 5-alpha E. coli cells (New England
Biolabs, Ipswich, MA), plasmids were isolated, and duplicate

colonies were Sanger sequenced by Genewiz (South San
Francisco, CA). Sequence-verified constructs were transiently
transfected into ExpiCHO cells using the ExpiCHO expression
system (A29133, Thermo Fisher Scientific, Waltham, MA).
Plasmid DNA for eukaryotic expression of each antibody was
diluted to 1 pg/ml of the final culture volume in OptiPRO
medium and mixed with ExpiFectamine at 1.6 ul/ml. After
incubating for 5 minutes at room temperature, the transfection
mixture was added to ExpiCHO cells (6 million cells/ml). The
cells were incubated at 37°C with 5% CO,, then ExpiFectamine
CHO enhancer and ExpiCHO feed were added 18 hours post-
transfection. A second feed was provided on day 5, and super-
natant was harvested and clarified on day 10.

Antibody-containing supernatant was purified by binding
onto a protein A column (29048576, GE Healthcare,
Pittsburgh, PA) and eluting with 100 mM glycine, pH 2.5
using an Akta FPLC. The eluate was neutralized with 1 M Tris
pH 8, then dialyzed into 40 mM histidine, 240 mM sucrose, 0.2%
Tween-20 and concentrated to >1 mg/mL. Proteins were
checked for quality by reducing and non-reducing SDS-PAGE
and size-exclusion chromatography (SEC)-high performance
liquid chromatography. SEC was performed using a TSKgel
G3000 7.8 x 300 mm column with a PBS mobile phase.

Affinity kinetics measurements

Kinetic binding measurements for purified parental antibodies
and post-sort full-length antibodies was outsourced to Bionova
(Fremont, CA) and performed on an Octet RED96e BLI instru-
ment (Forte Bio, Fremont, CA) using 96-well microplates. The
antibody samples were diluted in freshly prepared and filtered
running buffer containing 1x PBS pH 7.4 (Sigma, St. Louis,
MO), 1 mg/mL BSA (Sigma, St. Louis, MO), and 0.02% Tween-
20 (Sigma, St. Louis, MO) (kinetic buffer, 1x KB). The tem-
perature was set at 30°C and the orbital shake speed at
1000 rpm. The assay was performed by first capturing the
antibodies (5 pg/mL, 60 sec) using anti-human Fc (AHC)
Octet biosensors (18-5060, ForteBio, Fremont, CA) followed
by a baseline step of 30 sec in 1x KB buffer. The monoclonal
antibody-captured biosensors were then submerged in wells
containing different concentrations of antigen (in 2-fold serial
dilutions) for 80 sec followed by 200 sec of dissolution time in
1x KB. The antibody-captured sensors were also dipped in
wells containing 1x KB to allow single reference subtraction.
The AHC sensor tips were regenerated with three 5-sec dips in
glycine (10 mM, pH 1.5) between each binding cycle. Binding
sensorgrams were first aligned at the beginning of the antigen
binding cycle and following the single reference subtraction the
binding sensorgrams were globally fitted to a 1:1 model using
Octet software version HT11.1.

For additional rigor, kinetic binding measurements for the
parental purified full-length antibodies were also determined
on a Carterra LSA surface plasmon resonance (SPR) instru-
ment (Carterra, Salt Lake City, UT) as previously described.*

Cellular binding and functional analysis

We first generated stable pools of Flp-In CHO cells (Thermo
Fisher Scientific, Waltham, MA) expressing PD-1, PD-LI,



CTLA-4, or OX40. To measure cell surface binding, 500,000 cells
were washed two times with DPBS supplemented with 2% fetal
bovine serum (Assay Buffer). Full-length antibodies were diluted
in Assay Buffer to starting concentrations of 50 nM (tPD-1.16 and
epPD-1.16.1), 66.7 nM (epOX40.24.2), 100 nM (tPD-L1.3, epPD-
L1.3.3, and t0X40.24), or 1 pM (tCTLA-4.28 and epCTLA4.28.2),
further diluted in 3-fold dilution series, then added to cells and
incubated for 30 minutes at 4°C to allow binding to the cellular
ligands. Cells were washed twice with Assay Buffer, then stained
with Phycoerythrin (PE) anti-human IgG Fc Antibody
(M1310G05, BioLegend, San Diego, CA). Cells were washed two
more times with Assay Buffer and filtered into a solution of DAPI
in Assay Buffer. Cytometry measurements were performed on
a CytoFLEX LX flow cytometer (Beckman Coulter, Brea, CA)
running CytExpert v2.2 for Windows. Antibody binding was
quantified by calculating the Median Fluorescence Intensity
(MFI) of the appropriate channel using FlowJo v10.4.2. ECs
values were calculated by plotting MFI versus the log of concen-
tration using Prism v8.1.2 (GraphPad, San Diego, CA) and fit with
a four-parameter logistic curve.

Functional activity of full-length antibodies in vitro was ana-
lyzed using kits for PD-1/PD-L1 Blockade, CTLA-4 Blockade, and
OX40 Activation with FcyRIIB (J1250, JA3001, and CS197702,
Promega, Madison, WI). All incubations were at 37°C with 5%
CO,. For anti-PD-1 and anti-PD-L1, PD-L1 aAPC/CHO-K1 cells
were seeded in 96-well plates and incubated for 20 hours. After
removing the media, a 3-fold dilution series of each antibody
(starting at 100 nM for anti-PD-L1 and 66.7 nM for anti-PD-
L1) was added to the cells, followed by PD-1 effector cells. For
anti-CTLA-4, CTLA-4 effector cells were seeded, followed by
a 3-fold dilution series of each antibody (starting at 667 nM),
then aAPC/Raji cells were added. For anti-OX40, FcyRIIb cells
were seeded and incubated for 6 hours. OX40 cells were then
added to the plate and incubated for 20 hours, followed by a 3-fold
dilution series of each antibody (starting at 80 nM). After all cells
and antibodies were added, the plates were incubated for 6 hours
(5 hours for OX40), Bio-Glo Luciferase Assay buffer was added.
Luminescence was read using a Spectramax i3x plate reader
(Molecular Devices, San Jose, CA). ECs, values were calculated
by plotting RLU (relative luminescence units) vs. the log of con-
centration using Prism v8.1.2 (Graphpad, San Diego, CA) and fit
with a four-parameter logistic curve.
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