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REPORT

Structure-guided design of antibody CDRs to reduce their reactivity to 
treatment-emergent anti-drug antibodies
Maria U. Johanssona, Anne Kerschenmeyera, Alessandra Carellaa, Simon Carnala, Yannik Schmidta, 
Alessandra de Felicea, Dana Mahlerb, Marc Thomasc, Fabio Mario Spiga a, Julia Tietz d, 
Christopher Weinert a, Christian Hess a, David Urech a, and Stefan Warmuth a

aNumab Therapeutics AG, Horgen, Switzerland; bLuzern, Switzerland; cOFLC, PSI, Villigen, Switzerland; dInstitute of Physiology, 
University of Zürich, Zürich, Switzerland

ABSTRACT
Immunogenicity prediction is widely used in the developability assessment of antibo
dies, and many marketed and clinical-stage therapeutics have a predicted T-cell epitope 
in the second complementary-determining region of their light chain (CDR2L). To 
investigate such CDR2Ls in more detail, we identified an antibody with a CDR2L for 
which a patient had developed treatment-emergent (TE) anti-drug antibodies (ADAs) in 
a clinical setting. With this, we establish the importance of predicted T-cell epitopes in 
CDR2L. In the course of deleting the T-cell epitope, we decided to aim for a solution that 
can be applied broadly to facilitate larger high-throughput discovery campaigns. For this 
purpose, we have developed a double-mutation scheme that targets AHo67 (Kabat51) 
and AHo68 (Kabat52) in the CDR2L. This 67G-68G mutation scheme was applied to all 
light chain sequences of a tri-specific single-chain diabody fused to a single-chain 
variable fragment (scMATCH3™) antibody for which TE ADAs had been observed. 
Analyses of patient sera showed that introduction of 67 G-68 G in CDR2L in combination 
with our previously described T101S-T146K (Kabat: T87S-T110K) framework mutations 
led to a scMATCH3 antibody with significantly reduced levels of both preexisting and TE 
ADA reactivities. For a diverse collection of single-chain variable fragments, application 
of the 67 G-68 G mutation scheme was experimentally seen to not substantially affect 
the functional or biophysical properties of the molecules, suggesting that this mutation 
scheme may be applicable to the improvement of therapeutic safety of antibodies of 
many types, with CDR2L-associated immunogenicity.
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Introduction

Immunogenicity is defined as follows by the United States Food and Drug Administration 
(FDA)1:«Immunogenicity is the propensity of a therapeutic protein product to generate an immune response to 
itself, a related structure, or product complex; and/or to induce immunologically related adverse clinical events.»

The presence of anti-drug antibodies (ADAs)2 poses a significant challenge in the design and develop
ment of biologic therapies. Biologics, including therapeutic antibodies and antibody fragments, may 
provoke immune responses (i.e., exhibit immunogenicity) by triggering the immune system to generate 
ADAs that can be either neutralizing or non-neutralizing.3 It is common to distinguish between treatment- 
emergent (TE) ADAs, which arise in response to treatment, and preexisting (PE) ADAs, which are present 
in a patient prior to treatment.3 The onset time of TE ADAs can vary considerably between patients, with 
detection reported as early as four weeks4,5 and up to three to six months6 following treatment initiation. 
The consequences of anti-drug immunogenic reactions span from no effect to life-threatening responses,7–9 

and detailed guidelines exist on how to perform immunogenicity assessments during drug 
development.10,11

While there are treatment12–20 and patient-associated15–17,21–23 factors that can influence ADA forma
tion, given the far-reaching consequences of immunogenicity, it is desirable to reduce these risks as much as
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possible in the early discovery and preclinical development process. Reducing immunogenicity risks of 
biologics typically involves identifying and eliminating amino acid sequence-related causes that can 
influence molecular factors and properties such as aggregation propensity,24,25 isoelectric point (pI) 
imbalances,26 susceptibility to posttranslational modifications (PTMs),27,28 and the presence of B- and 
T-cell epitopes.29,30

B-cell epitopes, which comprised solvent-exposed amino acids on the intact surface of biologics, are 
difficult to accurately identify using computational methods. Conversely, the presence of T-cell epitopes, 
which are believed to correlate with peptide fragments of the biologics being high-affinity binders of major 
histocompatibility complex (MHC) class II,31–34 can be detected using computational means. Although not 
accounting for all complex processes involved, computational predictors of MHC class II binding have 
proven to be sufficiently accurate,33,35 and are widely used despite it being well known that many MHC class 
II binding peptides predicted are false positives.36 False positives are due to methods not properly 
accounting for antigen processing, T-cell receptor recognition of the MHC class II/peptide complex, or 
T-cell activation.2,37 In contrast, the MHC class I binder prediction problem has proven easier, and current 
methods are able to predict MHC class I binding with very high accuracy.38

Experimental procedures to identify immunogenic sequences in biologics can be labor and resource 
intensive and often yield ambiguous results. In a previous study, we analyzed instances of PE ADA 
reactivity, and identified mutations that reduce or eliminate PE ADA reactivity for single-chain variable 
fragments (scFv).39 In the current study, we used an observed clinical instance of TE ADAs to establish the 
clinical relevance of predicted T-cell epitopes in the second complementary-determining region of the light 
chain (CDR2L), and developed effective deimmunization procedures for removal or substantial reduction 
of predicted T-cell epitope content. In addition to the removal of the clinically observed immunogenicity, 
we have developed a different solution for the removal of similarly located T-cell epitopes that appears to be 
applicable to a wide range of antibodies. Thereby, we provide a means to obtain Fv fragments with good 
biophysical properties and reduced immunogenicity for assembly into bispecifics and multispecifics.

After having identified the immunogenic sequence as being located in the complementary-determining 
regions (CDRs), more specifically CDR2L, in the tri-specific antibody employed in the mentioned clinical 
setting, we applied computational mutagenesis and MHC class II binding predictions to find mutation 
schemes that will not trigger TE ADA formation. Similar to Cassotta et al., who identified and removed 
a T-cell epitope in the CDR2L region of Natalizumab,40 we searched for and found mutations uniquely 
tailored to the CDR2L amino acid sequence that had been identified as being the likely cause of the TE 
ADAs, and that eliminate their binding. Having achieved this first objective and intent on improving the 
procedure of Cassotta et al., we were, additionally, able to successfully identify a mutation scheme to remove 
predicted T-cell epitope content, irrespective of the CDR2L amino acid sequence.

Results

ADA assays

A direct assay to detect ADAs in human serum has been described previously,39 whereby two measurements 
(screening and confirmatory) are performed for each test molecule. For such assays, a decrease of the 
absorbance signal in the spiked well indicates that the signal observed in the unspiked well of the initial 
screening assay is specific to the molecule coated on the plate (see Materials and Methods). Such decreases 
of the absorbance signal are reported as relative inhibition (in the confirmatory assay) of the absorbance 
obtained in the screening assay. Thus, the lower the absorbance in the spiked well is, compared to the 
unspiked well, the higher the relative inhibition is. Additionally, it is important to note that while we have 
previously39 described a strategy to eliminate PE ADAs binding to the scFv framework (by application of 
T101S-T146K), the parental tri-specific single-chain diabody fused to a single-chain variable fragment 
(herein referred to as scMATCH3™, rather than scDb-scFv) under investigation did not include the 
described mutations.

The absorption signals obtained at different treatment days for scMATCH3 tested against one patient’s 
serum samples are shown in Figure 1(A). Higher absorption levels indicate a higher serum-derived antibody 
binding to the scMATCH3. Figure 1(A) reveals TE ADAs against scMATCH3 present in patient serum
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samples collected after 57 days treatment. The absorbance signals seen for samples collected up to 57 days 
indicate the presence of some PE ADAs against scMATCH3. In Figure 1(B), the ADAs shown to be detected 
in Figure 1(A) (both PE and TE ADAs) are indeed specific to scMATCH3, since inhibition values are high. 
The PE ADAs observed in Figures 1(A,B) would not have been present with the mutations (T101S-T146K) 
to prevent PE ADA reactivities.39 Later, the effect of said mutations to remove PE ADAs will be seen in 
Figure 6(C). Hereafter, in all figures showing ADA binding assay data, we only present the confirmatory 
part of assays.

Localization of the te ADA epitope

Figure 2 summarizes the experiments performed to identify which of the scFv building blocks provoked the 
formation of TE ADAs. Again, in this case, the mutations described previously to eliminate PE ADAs were 
not included in scMATCH3. This explains the ability of the control scFv, which also lacks T101S-T146K, to 
inhibit ADA binding to the scMATCH3 for samples derived up to 57 days after treatment starts. For 
patient-derived sera from later time points, the control scFv, does not inhibit ADA binding, and since the 
control scFv has the same framework as scFvs 1–3, this indicates formation of scMATCH3 CDR specific TE 
ADA. For scFv3, but not for scFv1 or scFv2, an inhibition of scMATCH3 specific TE ADAs is observed, 
identifying one or more of the scFv3 CDRs as the TE-ADA epitope within the scMATCH3.

Subjecting the amino acid sequence of scFv3 to MHC class II binding prediction yields a median 
percentile rank (of 27 alleles) for each contiguous 15mer sub-sequence (Figures 3(A,B)) and is sometimes 
referred to as a T-cell epitope prediction profile. The reference set of 27 alleles used in this study are 
considered to cover more than 98% of individuals in all major ethnicities worldwide.41

As can be seen in Figure 3(A), the CDR2L region (15mer indices in the approximate range 40 – 50) of 
scFv3 exhibits a very deep and broad cluster of 15mers with low median percentile ranks, which is indicative 
of a distinct likelihood of MHC class II binding.42 However, no other region of scFv3, including the variable 
heavy chain (VH), shown in Figure 3(B), exhibits similarly distinct likelihood of MHC class II binding. 
Figure 3(C) shows the percentile rank for each of the 27 MHC class II alleles as a heatmap for 15mer indices 
in the range 36 – 56. For each 15mer sub-sequence MHC class II allele pair, the binding core 9-mer is 
indicated by a symbol when it is one that contributes to the cluster of 15mers with low median percentile 
ranks (indices 42 – 51).

It is relevant to note that, henceforth, molecule designs are distinguished by the amino acid sequence of 
the CDR2L region, written in upper case (e.g., RASILAS, RAKDLAS, etc.).

Figure 1. (A) Absorption signals for PE ADA and TE ADA reactivities against scMATCH3 for samples from one patient 
from day 1 to day 225, determined with the ELISA-based ADA binding assay. Absorption levels were measured at 450 nm 
and are given in A.U. (B) ELISA-based ADA binding assay depicting inhibition of absorption signals from day 1 to day 225 
after spiking the serum from one patient with scMATCH3 (150 nM spiking).
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Judging from our examination of known clinical-stage therapeutics (CSTs) sequences (vide infra), the 
introduction of a human germline sequence in CDR2L may well have been used as a deimmunization strategy 
for some of these CSTs. Consequently, a first attempt at removing the TE ADA epitope was to substitute the 
CDR2L sequence (RAFILAS) of scFv3 with a human Vk1 germline sequence, AASSLQS (human Vk1_39, 
same as Vk1 consensus), which does indeed eliminate TE ADA binding (Figure 4(A), second panel), and

Figure 2. Results of ADA binding assays (inhibition of absorption signals) from day 1 to day 225 after spiking the serum from 
one patient with scMATCH3 (first panel), as well as the individual scFv components of scMATCH3, namely, scFv1 (second 
panel), scFv2 (third panel) and scFv3 (fourth panel), as well as a control scFv (fifth panel). The control scFv has a CDR set 
different from the CDR sets of scFv1, scFv2, and scFv3, on the same framework (i.e., human Vk1-VH3 type) and was not used 
for treatment of the patients. Spiking concentrations were 150 nM for scMATCH3 and 450 nM spiking for all scFvs.

Figure 3. T-cell epitope prediction profiles (defined in material and methods [T-cell epitope content predictions]) for the (A) 
VL domain of scFv3 and the (B) VH domain of scFv3. The median percentile rank of 20, is indicated by a dashed line. (C) 
Heatmap of the percentile rank for each of the 27 MHC class ii alleles for 15mer indices in the range 36 – 56. For each [15mer 
index:MHC class ii allele]-pair, the binding core 9-mer is indicated by a symbol when it is one that contributes to the cluster 
of 15mers with low median percentile ranks (15mer indices 42 – 51). In decreasing order, the contributions to the cluster are 
as follows: FILASGVPS (32.3%, ●), YRAFILASG (25.9%, ▲), IYRAFILAS (11.0%, ⊞), LIYRAFILA (10.0%,), ILASGVPSR (8.5%, ⊕), 
LASGVPSRF (5.0%, □) LLIYRAFIL (4.5%, ♢), AFILASGVP (2.0%, ○) and KLLIYRAFI (1.0%, ▽).
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Figure 4. (A) The presence of CST inhibition of absorption signals from day 1 to day 225 after spiking the serum from one 
patient with scFv3 (450 nM) having different CDR2L sequences. From left to right the sequences are as follows: RAFILAS, 
AASSLQS, RASILAS, RATILAS, RANILAS and RAKILES. (B) CDR2L sequences with differences from RAFILAS indicated by red- 
colored symbols, depicted in tabular form. For sequences originating from a CST, this is indicated after the sequence. Values 
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thereby confirms that TE ADA are indeed directed specifically against the CDR2L region of scFv3 (i.e., variable 
fragment (Fv) 3 in scMATCH3). However, with respect to thermal stability (Tm) and affinity (KD), the 
substitution with AASSLQS leads to a reduction (−4.8°C) of the former and, as expected, to a complete loss 
of the latter (Figure 4(B)) further illustrating the importance of AHo58. The need to find a deimmunization 
solution that maintains the functional and biophysical properties led to an extensive investigation of CDR2L 
sequence variants.

Design and evaluation of alternative scFv3 CDR2Ls

After having identified the location of the epitope of the TE ADAs within scFv3’s CDR2L, we performed 
MHC class II binding predictions for CDR2L replacement candidate sequences to identify mutations that 
reduce the predicted T-cell epitope content. To obtain the CDR2L replacement candidate sequences, we 
were inspired by human and rabbit germline sequences, CST sequences, and in-house rabbit sequences. 
Additionally, CDR2L replacement candidate sequences were generated combinatorially. The first CDR2L 
position in Honegger (AHo) numbering is AHo58 (Kabat50), and for combinatorially generated CDR2L 
replacement sequences, AHo58 was retained from RAFILAS as an arginine – since AHo58 is often involved 
in CDR1L, CDR3H, and antigen contacts, and has a high somatic mutation rate. The details elaborating 
these findings are outlined in the following section, “Design and evaluation of a broadly applicable CDR2L 
mutation scheme,” and Figure 5. For the remaining six positions (AHo67-AHo72), amino acid sequences 
were generated using residue types with high frequencies of occurrence at each corresponding position in 
in-house rabbit antibody sequences. In total, MHC class II binding predictions were performed for 1461 
different CDR2L sequences, inserted into to the parental scFv3 that had exhibited TE ADA reactivity. Out of 
these CDR2L sequences, 16 sequences were selected, where AHo85 was an arginine, they had the same net 
charge and a sequence identity of at least 3 to RAFILAS, and possessed a low predicted immunogenicity. In 
addition, three CDR2L sequences originating from CST sequences were chosen.

For the described MHC class II binding predictions, we began by looking at single mutations in the 
CDR2L region and could see that no single amino acid substitution was able to completely eliminate the 
predicted T-cell epitope content (Figure 4(C)). This is expected since the mentioned cluster of 15mers with 
low median percentile ranks is very deep and broad. Of the 1461 CDR2L sequences, the 16 plus 3 designs 
mentioned above – that had been evaluated for T-cell epitope content and various mutation counts 
(Figure 4(B)) – were produced. Nano differential scanning fluorimetry (nDSF) and surface plasmon 
resonance (SPR) revealed minimal impact on thermal stability and affinity, respectively. Graphs of corre
sponding median percentile rank versus 15mer index are shown in Figure 4(C). The most promising 
CDR2L designs, with respect to thermal stability and affinity, were tested on patient serum for TE ADA 
reactivity (Figure 4(A)). All single-mutation designs (RASILAS (third panel), RATILAS (fourth panel), and 
RANILAS (fifth panel)) depict a similar level of TE ADA reactivity; which is substantially reduced compared 
to the parental CDR2L (RAFILAS, first panel). In agreement with T-cell epitope content predictions 
(Figure 4(C)), the reduction in TE ADA reactivity for all single-mutation designs is lower than that for 
both the double-mutation design (RAKILES, sixth panel) and for human germline (AASSLQS, second 
panel). Furthermore, the reduction in TE ADA reactivity for RAKILES is lower than for AASSLQS. The 
high inhibition seen for early time points in Figure 4(A) is explained by the fact that the T101S-T146K 
mutation scheme was not applied to these sequences.

Although a CDR2L design such as RAKILES does efficiently reduce the TE ADA reactivity on patient 
serum, deriving mutations uniquely tailored to each CDR2L sequence with predicted T-cell epitope content

indicating their mutation count, AHo58 residue type, net charge, predicted T-cell epitope content (namely, cluster count, 
cluster size, 15mer hotspot sequence and 15mer hotspot median percentile rank), thermal stability, affinity and KD ratio to 
RAFILAS. (C) T-cell epitope prediction profiles (defined in material and methods [T-cell epitope content predictions]) for 
scFv3 VL domains with different CDR2L sequences. The median percentile rank of 20, is indicated by a dashed line. The line 
style and color of the profile for each sequence is shown in the legend box. The mutation count is shown after each 
sequence, and CST is indicated, when applicable.
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is not an approach that can feasibly be applied at scale in antibody development. Therefore, we decided to 
search for a CDR2L mutation scheme that would both remove the very deep and broad RAFILAS cluster of 
15mers in the CDR2L region of the scFv3, and be broadly applicable to CDR2L regions from human, mouse, 
rabbit, and preferably other species as well.

Design and evaluation of a broadly applicable CDR2L mutation scheme

Before making further attempts at deimmunizing the CDR2L region of scFv3 (and other CDR2L regions), 
we performed a detailed investigation of 16 in-house and Research Collaboratory for Structural 
Bioinformatics Protein Data Bank (RCSB PDB) rabbit antigen-antibody complex crystal structures (down
loaded late 2020), as well as a collection of 1493 in-house rabbit antibody sequences. An overlay of the tri- 
specific scMATCH3 components; scFv1, scFv2 and scFv3 is shown in Figure 5(A), where the similar 
conformations of CDR2Ls in scFvs with different target specificities can be clearly seen. Figure 5(B) presents 
a surface representation of scFv3, with the CDR2 highlighted in stick representation. The antigen-antibody 
contacts in the 16 in-house and RCSB PDB complexes are summarized in Figure 5(C), and the per-residue 
incidence of somatic mutations in the 1493 in-house rabbit antibody variable light chain (VL) sequences is 
shown in Figure 5(D). Collectively, this indicates that residue AHo58 (Kabat50) appears to be the most

Figure 5. (A) Overlay of ribbon representations of scFv1 (yellow (VL) and green (VH)), scFv2 (red (VL) and blue (VH)), and 
scFv3 (orange (VL) and cyan (VH)) crystal structures. Labeling of sidechains of CDR2L residues uses AHo numbering. The 
corresponding Chothia/Kabat/IMGT numberings are: Arg50/50/56, Ala51/51/57 Phe52/52/65, Ile53/53/66, Leu54/54/67, 
Ala55/55/68, and Ser56/56/69. (B) Surface representation of the scFv3 (same coloring as in (a)) crystal structure with side 
chains of CDR2L residues shown in stick representation. (C) Antigen contact count for each AHo residue (VL) in a collection 
of 16 in-house and RCSB PDB rabbit antigen-antibody complex crystal structures. Bars for framework residues are indicated 
in green, whereas bars for CDR residues are indicated in blue. (D) Incidence of somatic mutations for each AHo residue (VL) 
for a collection of 1493 in-house rabbit antibody sequences. Bars for framework residues are indicated in green, while bars 
for CDR residues are indicated in blue.
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important residue of CDR2L, by virtue of being involved in intra-chain contacts to CDR1L and inter-chain 
contacts to the functionally crucial CDR3H (Figures 5(A,B)). Moreover, AHo58 has frequent involvement 
in antigen contacts (Figure 5(C)) and is the position with the highest number of somatic mutations (Figure 5 
(D)). Consequently, as noted previously, we kept AHo58 unchanged in all our CDR2L designs and refrained 
from altering the net charge of the CDR2L in these designs.

As already mentioned, a single mutation is not enough to eliminate the cluster of 15mers in CDR2L with 
low median percentile ranks and, therefore, we wanted to find the least invasive double-mutation scheme. 
Similar to AHo58, AHo69 (Kabat53) is frequently involved in antigen contacts and often subject to somatic 
mutations and was, therefore, also not a suitable candidate for mutation (Figures 5(C,D)). Residues AHo67 
(Kabat51) and AHo68 (Kabat52) are both highly conserved among rabbit and human Vk germline 
sequences and are contained in CDR2L in all common CDR definitions (Chothia: 3, IMGT: 3, Kabat: 7). 
Targeting these two residues may appear counter-intuitive. However, in the setting of antibody CDRs, we 
believe not infringing upon sequence adaptability is important, and a mutation scheme that targets 
conserved positions is much more likely to be widely applicable. For all these reasons we decided to 
investigate mutations of AHo67 and AHo68.

To find a mutation scheme for AHo67 and AHo68 with broad applicability, T-cell epitope content 
predictions were performed for all in-house CDR2L sequences inserted into human IGKV1-39 frameworks. 
As a filtering criterion we choose to fix AHo58 to one of the following residues: R, S, K, G, D, A, Q, Y, E, 
L and T, corresponding to the most frequently occurring AHo58 residue types in the 1493 inhouse rabbit 
sequences. Subsequently, we applied all possible residue substitutions on AHo67 and AHo68, excluding C, 
P, H, and larger hydrophobic residues such as I, L, M, F, Y and W, and such that a change in net charge of 
the CDR2L was avoided. Reduction of predicted T-cell epitope content across a large subset of all tested 
sequences was observed for a few distinct mutation schemes (i.e., AHo67, AHo68 mutation target residue 
pairs).

For each mutation scheme where predicted T-cell epitope content was reduced across a large subset of all 
tested sequences, we identified rabbit antibody crystal structures (in-house and RCSB PDB) that had 
CDR2L sequences such that AHo58 was identical to AHo58 in a sequence for which T-cell epitope content 
was predicted. Additionally, the sequence identity for AHo69, AHo70, AHo71, and AHo72 between the 
same two sequences was as high as possible. The structural feasibility of each mutation scheme was then 
assessed by performing computational mutagenesis calculations using the Rosetta software43 on all struc
tures identified as described. From these structural feasibility assessments, 67 G-68 G emerged as the least 
destabilizing mutation scheme. Note, however, that when AHo58 is an aspartic acid, 67 G-68 G would 
introduce an isomerization (DG) PTM. In such cases, substitution by a human germline is likely better. 
When AHo58 is an asparagine (a rare case in the in-house rabbit antibody sequences), 67 G-68 G would 
introduce a deamidation (NG) PTM.

Nonetheless, 67 G-68 G (Figure 6(A)) was the most promising structurally feasible double-mutation 
scheme identified, and it also has the beneficial property of not introducing any new PTMs in the most 
frequent rabbit CDR2Ls. Furthermore, 67 G-68 G leads to DG or NG PTMs in only 16.3% of the 962 VL 
sequences of CSTs described in more detail below. Graphs of the median percentile rank versus 15mer 
index, before and after the application of 67 G-68 G, are shown in Figure 6(A).

To evaluate the 67 G-68 G double-mutation scheme for reduction of TE ADAs in combination with our 
previously described double-mutation scheme (T101S-T146K) for reduction of PE ADAs,39 both pairs of 
double-mutations were first applied to scFv3 and seen to efficiently reduce PE and TE ADA reactivities 
when tested on patient serum (Figure 6(B)). Subsequently, both pairs of mutations were applied to Fv3 in 
scMATCH3 and again seen to efficiently reduce PE and TE ADA reactivities when tested on patient serum 
(Figure 6(C)). Finally, both pairs of mutations were applied to all Fvs (1 – 3) in scMATCH3 and, also in this 
case, were seen to efficiently reduce PE and TE ADA reactivities when tested on patient serum (Figure 6(C), 
right plot, row 3 Supplementary Figure 1). Essentially, the same phenomena could be observed for four 
additional patients (rows 1, 2, 4, and 5 in Supplementary Figure 1) participating in the study. Importantly, 
the Tm value for scFv3 with the 67 G-68 G mutation scheme is only slightly reduced (−1.5°C), compared to 
parental scFv3, while its KD-value is similar to the parental scFv3 (less than a two-fold difference, Figure 4 
(B)). Specifically, the 67 G-68 G double-mutation scheme outperformed other mutation pairs that eliminate 
the CDR2L T-cell epitope, with respect to affinity by more than a factor of 100.
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After we showed that the application of the 67 G-68 G mutation scheme to the RAFILAS CDR2L 
sequence in scFv3 was very successful in terms of reducing TE ADAs (Figure 6(B)), and with only minor 
impact on thermal stability and affinity (Figure 4(B)), we decided to apply 67 G-68 G to a diverse set of in- 
house scFvs. We evaluated differences in titer (n = 64), monomeric content (n = 64), Tm (n = 75), and KD (n  
= 88). For a smaller subset of these scFvs, we evaluated hydrophobicity by hydrophobic interaction 
chromatography high-performance liquid chromatography (HIC-HPLC, n = 13), chemical stability by 
guanidinium unfolding (n = 15), and solubility by polyethylene glycol (PEG) induced precipitation (n =  
10). For titer and monomeric content (Figures 7(A,B), respectively), no statistically significant difference 
(p ≥0.05) is observed between scFvs with and without 67 G-68 G (paired Wilcoxon signed rank test). For Tm

Figure 6. (A) T-cell epitope prediction profiles for scFv3, and scFv3 after application of 67 G-68 G. The median percentile 
rank of 20 is indicated by a dashed line. (B) Inhibition of absorption signals from day 1 to day 225 after spiking the serum 
from one patient with scFv3 (450 nM), or scFv3 after application of T101S-T146K and 67 G-68 G (450 nM). (C) Inhibition of 
absorption signals from day 1 to day 225 after spiking the serum from one patient with scMATCH3 (150 nM), scFv3 only (450 
nM), scMATCH3 with T101S-T146K and 67 G-68 G applied to Fv3 (150 nM), and scMATCH3 with T101S-T146K and 67 G-68 G 
applied to all Fvs (150 nM).
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(Figure 7(C)), there is a statistically significant difference (p < 0.05) between scFvs with and without 67  
G-68 G (paired Wilcoxon signed rank test). The scFvs with 67 G-68 G have an overall lower Tm (median 
−3.1°C) than their counterparts without 67 G-68 G. For KD (Figure 7(D)), there is a statistically significant 
difference (p < 0.05) between scFvs with and without 67 G-68 G (paired Wilcoxon signed rank test). The 
scFvs with 67 G-68 G have an overall higher KD (median 2.3 × 10−11 M) compared to those without 67 G-68  
G. For hydrophobicity and solubility, there is no statistically significant difference (p ≥0.05) observed for 
scFvs with and without 67 G-68 G (paired Wilcoxon signed rank test). For chemical stability, there is 
a statistically significant (p < 0.05) difference of −0.29 M guanidinium-HCl observed between scFvs with 
and without 67 G-68 G (paired Wilcoxon signed rank test).

Evaluation of the 67 G-68 G CDR2L mutation scheme on CSTs

The wider applicability of the 67 G-68 G mutation scheme was tested in silico using NetMHCIIpan44,45 on 
a set of 962 VL sequences of CSTs. NetMHCIIpan performs predictions using binding affinity (BA) and 
eluted ligand (EL) models that help with the identification of strong binders and peptides likely to be 
presented, respectively. The CST sequences were downloaded from the Thera-SabDab database46 on 
February 9, 2023. Sequence results are presented as follows: predicted epitopes in version 3.1 [predicted

Figure 7. In all panels of this figure, 67 G-68 G is denoted as GG. (A) The final titer (B) and final purity, shows no statistically 
significant difference is observed between scFvs with and without 67 G-68 G (paired Wilcoxon signed rank test). (C) Melting 
temperatures of scFvs with and without application of 67 G-68 G. There is a statistically significant Tm difference between 
scFvs with and without 67 G-68 G (p < 0.0001, paired Wilcoxon signed rank test). The scFvs with 67 G-68 G have a lower 
median melting temperature (−3.1 °c) than their counterparts without 67 G-68 G. (D) Affinities of scFvs with and without 
application of 67 G-68 G. There is a significant KD difference between scFvs with and without 67 G-68 G (p = 0.0431, paired 
Wilcoxon signed rank test). The scFvs with 67 G-68 G have an overall lower affinity (median 2.3 × 10−11 m) than those 
without 67 G-68 G.
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epitopes in version 4.1 for BA, predicted epitopes in version 4.1 for EL]. Of the 962 CST antibody sequences, 
469 [503,490] have a cluster of 15mers with low ( < 20) median percentile ranks in CDR2L and application 
of 67 G-68 G removes the CDR2L cluster for 397 (84.6%) [371 (73.8%), 407 (83.1%)] of these. For the 
remaining 72 [132, 83] sequences with CDR2L clusters of 15mers with low median percentile ranks, 
application of 67 G-68 G leads to an increased average CDR2L hotspot – defined as a cluster with a low 
depth in Materials and methods – minimum value from 5.4 to 13.8 [6.0 to 12.5, 5.1 to 9.2], representing 
considerably lower predicted risk of immunogenicity. Across all NetMHCIIpan versions used, CDR2L 
sequences not improved by application of 67 G-68 G are limited to the following five types: LGSNRAS (12.8 
to 11.5), DGDFKVY (15 to 13), SASYRYT (8.2 to 7 & 7.7 to 6.9 - note, two results are reported due to 
different flanking framework residues), HASYRYT (8.0 to 6.9), and SASYVYW (9.7 to 8.0). For clarity of the 
described results, please refer to Supplementary Figure 2.

Among the 962 VL sequences, there were in total 401 unique CDR2L sequences, of which some are very 
frequent. For example, AASSLQS (human Vk1_39 germline) is the most frequent CDR2L and found in 59 
sequences. Some other common CDR2L sequences are WASTRES (35 occurrences, human Vk4_1 germ
line), GASSRAT (32 occurrences, human Vk3 germline), DASNRAT (31 occurrences, human Vk3 germ
line) and KVSNRFS (26 occurrences, human Vk2D_24 germline). Out of the 401 unique CDR2L sequences, 
the five most common ones occur in 19% of the VL sequences and are human germline sequences 
considered to be free of immunogenicity risk. Since application of the 67 G-68 G mutation scheme does 
not substantially impact functional or biophysical properties, it may be a convenient way to mitigate future 
TE ADA problems, especially when no germline with a suitable residue type on AHo58 exists.

Discussion

In the present study, we investigated the de-immunization of a predicted T-cell MHC class II epitope in 
CDR2L that provoked the generation of TE ADAs. We showed it is possible to find sets of mutations that 
eliminate the predicted T-cell epitope content from a specific, problematic CDR2L, without substantially 
affecting functional or biophysical properties. However, for each new CDR2L sequence with predicted 
T-cell epitope content, the procedure will typically need to be repeated.

The quantitative occurrence of predicted T-cell epitopes in the CDR2L region of CSTs shows that not all 
predicted epitopes lead to the generation of critical TE ADAs. Nevertheless, it creates a demand for broadly 
applicable deimmunization techniques capable of removing predicted T-cell epitopes from the CDR2L 
region without detrimental effects on either functional or biophysical properties. Indeed, the frequency with 
which human germline sequences are present in CDR2L of CSTs suggests that these may well have been 
used as a deimmunization technique for some of these CSTs. In our case however, this leads to AHo58 and 
three more out of the seven residues in CDR2L being different from the parental CDR2L, and also loss of 
function and thermal stability. Similar effects from human germline sequences in CDR2L are possible for 
many other parental sequences and, therefore, a solution in the form of a small and regular mutation 
scheme for CDR2L that consistently eliminates predicted T-cell epitopes, while not losing functional or 
biophysical properties, emerges as an attractive proposition compared to the derivation of sequence-specific 
mutations to eliminate predicted T-cell epitopes. Since all CDR2Ls are equally long in commonly used CDR 
definitions, and have a similar conformation,47 the identification of a constant mutation scheme for CDR2L 
is facilitated. The fact that CDR2L is less crucial for function than, for example CDR3H, is also beneficial.

The 67 G-68 G mutation scheme in CDR2L was, somewhat, surprisingly found to satisfy the require
ments of such a solution. We believe that the main reason for this is that 67 G-68 G introduces certain 
structural flexibility, while the short length and limited conformational variability of CDR2L47 largely 
prevents a negative impact on functional or biophysical properties.

The promise of 67 G-68 G is that, regardless of the CDR2L sequence, it largely preserves functional and 
biophysical properties while eliminating most of the predicted T-cell epitope content. The effectiveness of 
the mutations was demonstrated by eliminating the binding of generated TE ADAs to the 67 G-68 G 
CDR2L. This suggests that the 67 G-68 G mutation scheme may be usable as a standard deimmunization 
device that can be employed, irrespective of whether predicted CDR2L T-cell epitopes are true or false 
positives. It is important to take into consideration, however, that the majority of the experiments in this 
study have been conducted using the 67 G-68 G in combination with the mutation scheme to tackle PE

MABS 11



ADAs (T101S-T146K). This was because, during the course of the study, the mutation imposed to eliminate 
the effect of PE ADAs was integrated into the antibody engineering pipeline. We are aware that this limits 
the ability to conclude whether the positive effects of 67 G-68 G occur independently or only in combination 
with T101S-T146K. However, measurements for different CDR2L sequences indicate that modifications in 
CDR2L alone can fully inhibit TE ADA reactivities, suggesting that T101S-T146K is not a significant 
contributor to the effects on TE ADA reactivities observed for 67 G-68 G in combination with T101S- 
T146K.

We believe that since there is currently no method available that excludes false positives at the sequence 
level, a broadly applicable solution with only minimal effects on functional or biophysical properties would 
be very useful for avoiding time-consuming identification of clone-specific mutations and/or exclusion of 
promising sequences/clones.

While we are aware that in silico T-cell epitope prediction methods tend to overpredict false positives, we 
cannot rule out the possibility of false negatives. Nonetheless, as the examples of this study and 
Natalizumab40 have illustrated, while most of the T-cell epitope content of the CDR2L region was predicted 
as false positives, they should not be discarded lightly as such.

Thus, even if certain immunogenicity predictions prove to be false positives, implementing these 
mutations effectively mitigates TE ADA risk. The resulting marginal decreases in affinity and thermal 
stability are a reasonable and worthwhile compromise to ensure patient safety. Therefore, application of 
mutations, regardless of whether the prediction for immunogenicity may be a false positive, ensures that 
there is a reduced likeliness of TE ADAs; thereby contributing to the safety profile for patients at 
a marginally small trade-off with regards to affinity and thermal stability. While this study has concentrated 
on epitope validation with patient serum ADAs, further studies investigating the stimulation of total 
patient-derived CD4 memory T cell with autologous APCs and scMATCH3 and the double/quadruple 
mutants would certainly further validate the approach.

We believe that the method described herein provides a potential means to obtain full-length antibodies 
as well as antibody fragments with good biophysical properties and reduced immunogenicity for assembly 
into bispecifics and multispecifics, the latter of which is a topic of increasing interest in recent times.

Materials and methods

Ethics

All patients enrolled in the NM21-1480 clinical trial provided written informed consent prior to participa
tion, in accordance with the principles of the Declaration of Helsinki and Good Clinical Practice (GCP) 
guidelines. The study protocol and all associated documents were reviewed and approved by the appropriate 
institutional review boards and ethics committees. This clinical trial was registered at ClinicalTrials.gov 
(Identifier: NCT04442126).

Proteins

The main protein in this study is a tri-specific scDb-scFv (scMATCH3TM). When an Fv is produced in 
isolation (including a linker) it is an scFv. Throughout the study, all numbering of residues and sequence 
positions is according to the AHo numbering scheme.48 The CDRs of all Fvs/scFvs have rabbit origin, 
motivated by their high affinity and exceptional sequence diversity,49–51 and were reformatted into a human 
Vk1-VH3 consensus type framework stabilized by a so-called lambda (λ)-cap™ of the framework region 4 of 
the light chain.49

Protein expression and purification

Expression plasmids of the scFvs were purchased at GeneUniversal using the pcDNA 3.1 backbone 
(ThermoFisher Scientific). The expression was performed in Chinese hamster ovary (CHO) cells using 
the ExpiCHOTM Expression System (ThermoFisher Scientific). Expression was carried out according to 
manufacturer’s instructions. Proteins were purified from clarified harvest by affinity chromatography
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(Protein A and/or Protein L) using PrismA and/or CaptoTML resin (Cytiva). When necessary, scFvs were 
polished by size exclusion (SE) chromatography using a Superdex 75 (Cytiva) to a final monomeric content  
> 95%.

Expression of scMATCH3TM molecules was performed at 0.5 l scale using CHOgro expression kits 
(Mirus) and mammalian CHO-S cells. After 7 days of expression, proteins were purified from clarified 
culture supernatants by Protein A affinity chromatography using MabSelectTM PrismA resin (Cytiva), 
followed by either SE chromatography in 50 mM phosphate-citrate buffer with 300 mM sucrose at pH 6.5 
or, when applicable, capture fractions with > 95% purity were directly pooled and buffer exchanged to 50  
mM phosphate-citrate buffer with 300 mM sucrose at pH 6.5 buffer.

Monomeric content determination by size-exclusion HPLC

Monomeric content for the scFvs after purification was assessed using analytical size-exclusion HPLC (SE- 
HPLC). Samples were applied at their present concentration. 5 μg of scFv were injected into a Shodex 
KW402.5-4F column using a Hitachi Chromaster HPLC system at 25°C and a flow rate of 0.35 ml/min. The 
mobile phase consisted of 50 mM sodium acetate, 250 mM sodium chloride, pH 6.0. The elution profile was 
monitored at 280 nm. Monomeric content for the scMATCH3 molecules was likewise assessed using SE- 
HPLC.

ADA binding assay

ADAs were detected through analysis of their interactions with coated test molecules (i.e., a scFv or 
a scMATCH3). The specificity of interactions was assessed by competition of coated test molecules with 
soluble test molecules. For coating, test molecules were diluted in phosphate-buffered saline (PBS), pH 
7.4 (Lonza, #BE17- 517Q) to a concentration of 100 ng/ml, and 25 μl per well were applied onto a 96- 
well half-area plate (Greiner Bio-One). After incubation for 2 h at room temperature, the wells were 
blocked for 1 h at room temperature with 150 μl of blocking buffer (PBS +0.2% Tween 20 [AppliChem, 
#A4974] + 1% BSA [Sigma-Aldrich, #A3294]). For the direct interaction, individual human sera were 
diluted 20-fold using low cross buffer (Candor, #100 500) and 25 μl applied onto the coated wells at 
room temperature for 15 min. For the competition with soluble scFvs, individual human sera were 
diluted 5-fold with low cross buffer, mixed 1:4 with the corresponding test molecule (diluted to 200 nM 
in low cross buffer) and incubated for 1 h at room temperature prior to applying to the immobilized 
test molecule as stated above. The minimal required dilution of the assay was at 1:20. For detection, an 
anti-human Fc-IgG-HRP (Jackson ImmunoResearch, 309–035-008) diluted in low cross buffer to 100  
ng/ml was applied and incubated for 1 h at room temperature. 3,3,’ 5,5”-tetramethylbenzidine 
(SeraCare, #5120–0083) was added and the reaction stopped with 1 M HCl (Merck, #1003132500) 
after 15 minutes at room temperature. Absorbance was measured at 450 nm and 690 nm for reference, 
using a Tecan plate reader. All steps were performed at room temperature. Between each step, plates 
were washed three times (PBS, 0.005% Tween 20, pH 7.4). Except for the blocking and washing steps, 
all assay components were added in a volume of 25 µl/well and duplicates were used. Plates are 
incubated on a “belly dancer shaker” at 40 rpm.

Thermal stability by nDSF

Thermal unfolding of the molecules was assessed by nDSF using a Prometheus device (Nanotemper 
Technologies). All proteins were present at 1 ± 0.1 mg/ml in 20 mM histidine buffer, pH 6 (Carl Roth, 
#3852). Melting curves were generated through a temperature increase from 20°C to 95°C with 1°C/min. 
Data was analyzed by the PR.ThermControl v2.3.1 and PR.Stability v1.1 software. The first midpoint of 
unfolding was assessed using the first derivative of the fluorescence ratio (350 nm/330 nm). When possible, 
all midpoints were assessed.
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Hydrophobicity by HIC-HPLC

ScFvs were tested for their hydrophobicity using HIC-HPLC applying a Pro-Pac HIC-10 column (5 µm, 300 
Å, 4.6x100 mm, Thermo Fisher 063655). 20 μg of protein are injected and eluted from the column using 
a gradient from 1.5 M to 0 M (NH4)2SO4 (PanReac AppliChem, A1032) in 20 mM Histidine, pH 5.5 (Carl 
Roth: #9455, PanReac AppliChem: A1341) in 12 minutes with a flow of 1 ml/min. The retention time is 
subsequently correlated to the respective (NH4)2SO4 concentration. For the determination of the 
(NH4)2SO4 concentration, a delay volume of 2.81 ml was applied to account for column volume and dead 
volume of the system.

Solubility assessment by PEG precipitation assay

ScFvs were tested for their relative solubility using PEG-induced precipitation. ScFvs were incubated at 0.5  
mg/ml in 20 mM histidine, pH 6.0 (Carl Roth: #9455, PanReac AppliChem: A1341) with increasing 
PEG8000 (Sigma-Aldrich: P2139) concentrations from 0% (w/v) to 26.7% (w/v) in 21 steps. After overnight 
incubation at refrigerated conditions, the optical density at 600 nanometer (OD600nm) was determined. 
The OD600nm is plotted against the PEG8000 concentration and the midpoint (PEGmidpoint) of the 
sigmoidal curve fitted using an in-house script.

Chemical unfolding by guanidinium-HCl

For chemical unfolding experiments, scFvs were incubated in 24 solutions ranging from 0 M to 6.0 M 
guanidinium-HCl (PanReac AppliChem: A1499) in 20 mM histidine pH 6.0 (Carl Roth: #9455, PanReac 
AppliChem: A1341). Final protein concentration was 0.10–0.25 mg/ml. Samples were allowed to reach 
equilibrium overnight at room temperature and were measured for their intrinsic fluorescence at 330 nm 
and 350 nm using a plate reader (Tecan, Infinite M Plex). The fluorescence ratio (350 nm/330 nm) was 
plotted against the Guanidinium-HCl concentration and the midpoint of unfolding of the sigmoidal curve 
fitted using an in-house script.

Binding affinity by SPR

For the determination of the binding kinetics and affinity of the molecules, the respective target proteins for 
each tested scFv were immobilized on a new CM5 SPR sensor prism chip (Biacore, Cytiva) in a T200 SPR 
system (Biacore, Cytiva), at the surface density of 100–500 response units with standard amine coupling. 
The scFv samples were then injected at adapted concentration ranges from 20–30 nM to 150 pM over the 
ligand-immobilized and reference spots. The parental molecules were measured alongside as controls, while 
an empty spot was used as reference. After each cycle with analyte, the surface was regenerated with a 3 M 
MgCl2 solution, thereby allowing the next analyte cycle to have only free ligand available. Dissociation 
constants (KD) were globally calculated by the Biacore Evaluation software based on the binding association 
(kon) and dissociation (koff) rate, by fitting a 1:1 Langmuir model to the curves obtained by the cycles at 
different analyte concentrations.

T-cell epitope content predictions

MHC class II binding prediction was performed using versions 3.1 and 4.1 of the NetMHCIIpan 
method,44,45 obtained from the Immune Epitope Database (IEDB). The NetMHCIIpan version 3.1 method 
predicts MHC class II binding affinities and their reliabilities for 9-mer cores in contiguous 15mer sub- 
sequences and individual alleles by application of ensembles feed-forward artificial neural networks44,52 

with 906-neuron input layers, that have been trained on quantitative peptide binding data that covers 
multiple MHC class II molecules. For the presentation to the 906-neuron input layer of each network, the 
amino acids of each 9mer core peptide are encoded as the corresponding 20-element vector from the 
BLOSUM50 matrix.53 The peptide flanking regions are encoded as one 20-element vector for each side of 
the binding core, formed as the average BLOSUM50 score vector for the residues in each flanking region.
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MHC class II molecules are represented by 34-residue pseudo-sequences, where each residue is again 
encoded as the corresponding 20-element vector from the BLOSUM50 matrix. Finally, peptide and peptide 
flanking region lengths are each encoded to two different input neurons. In total this leads to 9 × 20 + 2 × 20  
+ 34 × 20 + 3 × 2 = 906 inputs, for each pair of peptide and MHC class II molecule.

For the prediction results reported herein, a set of 27 alleles was used, which covers a substantial 
majority of MHC class II molecules.41 The per-allele percentile rank of a 15mer is obtained from its 
score by comparing the score against the scores of 200,000 random natural 15mers.54 For these 
prediction results, external to the NetMHCIIpan software, any reported 15mer percentile rank for 
which the 9-mer sequence that gives rise to the 15mer’s percentile rank corresponds to a human 
germline segment, is reset to 100.0 (i.e., a form of germline correction is performed). Thereafter, the 
median percentile rank for each 15mer sub-sequence is calculated from the 27 per-allele percentile 
ranks. Longer amino acid sequences are treated by splitting each such sequence into consecutive 
overlapping contiguous 15mer sub-sequences. Thereafter, the median percentile rank for each 15mer 
sub-sequence is calculated from the 27 per-allele percentile ranks. A median percentile rank of 20 is 
commonly seen as broad immunogenicity threshold for the general population,55 and we use a median 
percentile rank less than 20 as an indicator of immunogenicity risk, since this is a commonly chosen 
threshold for this purpose, and compliant with IEDB guidelines for identification of promiscuous 
peptides.55,56

We sometimes refer to the median percentile rank as a function of peptide 15mer index, as 
a T-cell epitope prediction profile. In such profiles, three or more consecutive values below 20.0 are 
referred to as a cluster of 15mers with low median percentile ranks. For such a cluster, the total 
number of consecutive values below 20.0 is known as the cluster width, and if rmin is the lowest 
value in a cluster, the cluster’s depth d, is defined as d = rmin. A cluster with a low depth is often 
referred to as a hotspot. Due to performance improvements for accuracy and allele coverage as 
a result of more training data, we employed NetMHCIIpan version 4.1 binding affinity (BA) and 
eluted ligand (EL) models for CSTs, to obtain results from the most current version of 
NetMCHIIpan at the time of submission and to ensure no significant changes to predictions were 
present.

Computational procedures

Crystal structures were prepared for Rosetta ΔΔG calculations by removing non-protein compounds 
including waters and ions, and renumbering residues to start at one and proceed using consecutive 
integer values. After this, input structures were subjected to energy minimization using harmonic 
distance constraints on Cα atoms within 9 Å of one another. The ΔΔG prediction calculations 
themselves were performed by the ddg_monomer application provided in Rosetta (version 
2020.08.61164) using the high-resolution protocol,43 and calculating 50 structures for each mutation. 
For each mutation or combination of simultaneous mutations, the ddg_monomer application estimates 
ΔΔG as the difference between the mean of the three top scoring parental structures and the mean of 
the three top scoring mutant structures.

Graphical representations of molecular structures were generated with UCSF Chimera57,58 and heatmaps 
were generated with R59 using the ComplexHeatmap package.60 A contact between two atoms, i and j, is 
identified by Chimera as being present when the so-called overlap (overlapij) between the two atoms i and 
j is greater than or equal to −0.4 Å, where overlapij is defined by overlapij = ri

VdW + rj
VdW – dij, where ri

VdW 

and rj
VdW denotes the Van der Waals radius61 of atom i and atom j, respectively, and dij denotes the distance 

between atom i and atom j.
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CHO: Chinese hamster ovary
CST: clinical-stage therapeutics
nDSF: nano differential scanning fluorimetry
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Fv: variable fragment
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scDb-scFv: single-chain diabody fused to a single-chain Fv
scFv: single-chain variable fragment
scMATCH3: single-chain diabody fused to a single-chain Fv
SE: size exclusion
SE-HPLC: size-exclusion-high-performance liquid chromatography
SPR: surface plasmon resonance
TE: treatment-emergent
VH: variable heavy chain
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