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Abstract

The widespread use of monoclonal antibodies for therapeutic applications has led to intense 

interest in optimizing several of their natural properties (affinity, specificity, stability, solubility 

and effector functions) as well as introducing non-natural activities (bispecificity and cytotoxicity 

mediated by conjugated drugs). A common challenge during antibody optimization is that 

improvements in one property (e.g., affinity) can lead to deficits in other properties (e.g., stability). 

Here we review recent advances in understanding trade-offs between different antibody properties, 

including affinity, specificity, stability and solubility. We also review new approaches for co-

optimizing multiple antibody properties and discuss how these methods can be used to rapidly and 

systematically generate antibodies for a wide range of applications.

Keywords

mAb; Fab; Fc; CDR; aggregation; developability

*Correspondence: ptessier@umich.edu. 

Conflicts of interest
P.M.T. has received honorariums and/or consulting fees for presentations of this and/or related research findings at MedImmune, Eli 
Lilly, Bristol-Myers Squibb, Janssen, Merck, Genentech, Amgen, Pfizer, Adimab, Abbvie, Abbott, DuPont, Schrödinger and Novo 
Nordisk.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Biochem Eng J. Author manuscript; available in PMC 2019 September 15.

Published in final edited form as:
Biochem Eng J. 2018 September 15; 137: 365–374. doi:10.1016/j.bej.2018.06.003.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Monoclonal antibodies (mAbs) are being used in diverse therapeutic and diagnostic 

applications due to several of their attractive properties (Fig. 1) [1–3]. The most important 

antibody properties relate to their natural functions, such as their high binding affinity and 

specificity mediated by their complementarity-determining regions (CDRs) within the 

variable regions (variable heavy, VH, and variable light, VL). Other key natural antibody 

properties include their effector functions – such as antibody-dependent cell-mediated 

cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) – which are mediated 

by their constant regions (fragment crystallizable, Fc).

However, many other attractive properties of mAbs have contributed to their success as 

therapeutics (Fig. 1). For example, the favorable biophysical properties of antibodies – such 

as their high conformational (folding) stability and colloidal stability (solubility) – enable 

the formulation and extended storage of concentrated antibody solutions with minimal 

aggregation [4, 5]. Moreover, the relative ease of manufacturing different mAbs using 

similar platform processes has enabled the generation of large numbers of lead antibodies 

for rapid mAb optimization and analysis. Advances in antibody discovery methods (e.g., 

immunization, phage and yeast surface display) have enabled the generation of mAbs 

against almost any target [6, 7]. These and other attractive antibody properties featured in 

Figure 1 are key to the success of antibody therapeutics.

Nevertheless, most antibodies identified during the initial discovery process are not suitable 

for therapeutic use and require additional optimization [8]. For example, the binding 

affinities of some lead antibodies are not high enough for therapeutic applications and must 

be enhanced through in vitro antibody display methods. However, these methods have an 

increased risk of producing antibodies with poor biophysical properties. An outstanding 

challenge in the field is that optimizing properties such as antibody affinity can lead to 

defects in other properties such as antibody stability, specificity and solubility. The resulting 

trade-offs between improvements in some antibody properties and reductions in others 

highlight that they are often interdependent and cannot be easily separated. Therefore, it is 

important to understand the molecular determinants that mediate trade-offs between various 

antibody properties in order to improve the generation of optimized antibody therapeutics. 

Here we review recent findings related to trade-offs between antibody affinity and three 

other key antibody properties (stability, specificity and solubility), and discuss important 

areas of future work aimed at overcoming these trade-offs.

2. Antibody affinity/stability trade-offs

One challenge associated with optimizing antibody affinity is that increases in affinity can 

lead to decreases in antibody stability. Natural antibody affinity maturation relies on the 

introduction of somatic mutations followed by clonal selection of antibody variants with 

improved affinity. However, not all somatic mutations contribute to antibody affinity. 

Previous reports have suggested that antibodies accumulate some somatic mutations to 

increase affinity and others to compensate for the destabilizing effects of affinity-enhancing 

mutations [9–12]. These studies raise the intriguing possibility that the natural process of 

Rabia et al. Page 2

Biochem Eng J. Author manuscript; available in PMC 2019 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reshaping the antigen-binding site during antibody affinity maturation involves chemical and 

structural changes that are destabilizing to the antibody framework, and compensatory 

mutations are required to maintain thermodynamic stability.

The importance of affinity/stability trade-offs during antibody affinity maturation was 

recently highlighted for single-domain (VH) antibodies [13, 14]. The investigators 

introduced mutations throughout the VH frameworks and CDRs using error-prone PCR and 

displayed the antibody libraries on the surface of yeast. The libraries were sorted to identify 

antibody variants with high antigen binding (Alzheimer’s Aβ42 peptide) and expression 

(anti-myc tag). After a single round of mutagenesis and selection, an antibody variant was 

identified with three mutations that displayed increased affinity but significantly reduced 

stability (reduction in apparent melting temperature of 18 °C). Moreover, additional rounds 

of mutagenesis and selection for antigen binding and antibody expression led to selection of 

VH antibody variants that displayed large reductions in antibody stability and significant 

increases in affinity. In fact, highly mutated variants with six to twelve mutations were 

partially unfolded when evaluated as soluble proteins, revealing the strongly destabilizing 

effects of the affinity-enhancing mutations.

These results both highlight that trade-offs can occur during affinity maturation and raise 

questions about how to overcome them. It is unexpected that antibody affinity maturation 

using yeast surface display would lead to the isolation of destabilized antibodies [13, 14] 

because the sophisticated quality control mechanisms of yeast are expected to reduce the 

likelihood of displaying destabilized antibodies [15, 16]. However, it appears that the yeast 

secretory pathway fails to efficiently recognize and degrade destabilized forms of small and 

highly soluble VH antibodies. Therefore, the investigators sought to develop a method for 

co-selecting sets of mutations that increase antibody affinity while maintaining stability in 

order to overcome the previously observed affinity/stability trade-offs [14]. The key advance 

was to replace the conventional antibody (anti-myc tag) used to select for high antibody 

expression with a conformational probe (Protein A) that is selective for folded antibodies 

(VH3 antibodies have a Protein A binding site on their framework [17]). The investigators 

found that the relative binding of Protein A to VH antibodies on the surface of yeast 

displayed a large dynamic range (~12-fold change in Protein A binding for a ~18 °C change 

in apparent melting temperature of the VH antibodies) that was strongly correlated with 

antibody stability (R2 of 0.92) [14]. When the investigators repeated the directed evolution 

process by co-selecting for antigen and Protein A binding, they identified VH antibodies 

with significantly increased affinities and high stabilities.

An example of one of the evolved VH antibodies with twelve acquired mutations is shown in 

Fig. 2A [13]. To understand how this evolved antibody maintained thermodynamic stability 

despite mutating almost 10% of its sequence during affinity maturation, the investigators 

generated twelve single reversion mutants to investigate the contribution of each mutation to 

stability (apparent melting temperature, Tm
*) and affinity (association constant, KA; Fig. 

2B). The majority of the mutations that increased affinity (decrease in KA when reverted to 

the wild-type residue) resulted in a decrease in stability (increase in Tm
* when reverted to 

the wildtype residue), suggesting that affinity-enhancing mutations may generally have a 

higher risk of destabilization. For example, reversion of the N72 mutation to the wild-type 
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residue (D72) led to a decrease in affinity (KA of evolved VH antibody is greater than KA of 

N72D reversion mutant) and an increase in stability (Tm
* of N72D reversion mutant is 

greater than Tm
* of evolved VH antibody). Two stabilizing mutations (K45 and K98) 

compensated for the loss in VH stability due to the affinity-enhancing mutations. 

Interestingly, these stabilizing mutations were also beneficial for antibody affinity. 

Moreover, mutations in the third CDR (CDR3) of the VH antibody generally displayed the 

lowest affinity/stability trade-offs. For example, the most important affinity mutation (R100d 

in CDR3) did not impact stability, which is consistent with the high sequence variability of 

heavy chain CDR3 for antibodies generated by the immune system. This suggests that 

antibody libraries designed with sequence variation only in heavy chain CDR3 have a 

reduced risk for displaying affinity/stability trade-offs. More generally, these and other 

findings [18–20] suggest that affinity-enhancing mutations have an increased risk of 

destabilization and that compensatory mutations are frequently required to maintain 

antibody thermodynamic stability.

Although relatively few studies have investigated trade-offs between antibody affinity and 

stability, analogous trade-offs have been observed for non-antibody affinity proteins. For 

example, directed evolution of designed ankyrin repeat proteins (DARPins) against HER2 

led to the isolation of mutants with significantly improved affinity but reduced stability [21]. 

The evolved DARPin variant with the greatest gain in affinity (>700-fold) displayed large 

losses in stability (30 °C reduction in apparent melting temperature). Single reversion 

mutants revealed the mutations that resulted in the greatest increases in affinity were most 

destabilizing. Similar results were found for an affinity-maturated fibronectin domain 

specific for lysozyme [22], and protein engineering approaches have been developed to 

overcome these trade-offs [23]. These and related findings [24, 25] demonstrate the 

generality of affinity/stability trade-offs during affinity maturation.

3. Antibody affinity/specificity trade-offs

Another particularly important and challenging antibody property to optimize is antibody 

specificity. In this review, improved antibody specificity refers to reduced binding to non-

target molecules. It is expected that most mutations that increase affinity – such as those that 

simply increase hydrophobicity or charge – also reduce specificity. The isolation of rare 

mutations that increase affinity while maintaining or even increasing specificity – as 

observed for antibodies generated by the immune system – is particularly important and 

typically possible only through selection for high specificity in addition to high affinity.

Given that the maximal chemical diversity of antibody CDRs is unimaginably large (>1078 

antibody variants based on 20 different amino acids at ~60 sites in the CDRs), it is extremely 

challenging to define the sequence determinants of antibody specificity. Nevertheless, Sidhu 

and co-workers have elegantly dissected this complex problem by generating antibody 

libraries with highly restricted amino acid diversity in the CDRs [26, 27]. The investigators 

evaluated the capacity of different types of amino acids in the CDRs to mediate high affinity 

while maintaining high specificity. One of their most striking findings is that antibodies with 

high levels of tyrosine in their CDRs – even for antibody variants with >10 tyrosines in 

heavy chain CDR3 – have unusually low levels of non-specific interactions. This finding – 
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along with the fact that tyrosine is one of the most common amino acids in antibody CDRs 

[28] – strongly suggests that tyrosine is a critical amino acid for mediating specific antigen 

recognition [29].

These studies also revealed several other key CDR sequence determinants of antibody 

specificity [26, 27]. First, the presence of arginine in the CDRs was the greatest risk factor 

for non-specific interactions. Antibody variants without arginine residues in heavy chain 

CDR3 displayed the lowest levels of non-specific binding. Moreover, serine was identified 

as an important hydrophilic amino acid that fails to induce non-specific interactions even at 

the highest levels evaluated (e.g., up to nine serines in heavy chain CDR3). Importantly, the 

same investigators demonstrated that combinations of only serine and tyrosine mutations in 

antibody CDRs are sufficient to mediate high-affinity binding. These unusual antibodies also 

have extremely low levels of nonspecific interactions [30]. It will be important in the future 

to expand these invaluable studies to further elucidate the sequence and structural 

determinants of antibody specificity.

Another example of affinity/specificity trade-offs during antibody affinity maturation was 

highlighted in a recent directed evolution study [31] that involved the optimization of a 

camelid single-domain (VHH) antibody specific for α-synuclein [32]. The investigators first 

used alanine scanning mutagenesis to identify sites in the CDRs of the VHH antibody that 

were permissive to mutation without large detrimental impacts on affinity [31]. Next, they 

diversified 14 permissive sites in CDR2 and CDR3 in a manner in which the wild-type 

residue at each site was sampled as well as 1–5 of the most commonly occurring residues at 

each site in natural antibodies [33]. Finally, they displayed the antibody library on the 

surface of yeast and selected antibody variants with increased affinity using magnetic-

activated and fluorescence-activated cell sorting [31]. Two of the affinity-matured antibodies 

isolated from this library are highlighted in Figure 3 [31]. The investigators generated single 

reversion mutations to evaluate the impact of each mutation on antibody affinity and 

specificity. Most of the affinity-enhancing mutations (three out of four) acquired by the first 

antibody variant reduced specificity (Fig. 3A). For example, the arginine mutation at 

position 53 (R53) in CDR2 increased affinity but reduced specificity. A notable exception is 

the tryptophan mutation at position 52b (W52b) in CDR2, which increased both affinity and 

specificity. Conversely, the second antibody variant displayed much more favorable 

properties, as two of the three affinity-enhancing mutations (W52b and S96) also increased 

specificity, and the third affinity-enhancing mutation (T100d) weakly impacted specificity 

(Fig. 3B). It is also notable that the affinity/specificity trade-offs of individual mutations 

were highly context dependent, as the same affinity-enhancing mutation (S96) led to 

opposite impacts on antibody specificity in the two closely related variants (Fig. 3).

The identification of mutations that increase both affinity and specificity – especially for 

antibodies that are affinity matured in vitro – is rare and methods for improving the 

identification of these types of mutations are particularly important. There are two main 

approaches for improving the selection of antibodies with increased specificity. The first and 

most common one is to perform positive selections for antigen binding and negative 

selections for non-specific binding to eliminate variants with low specificity [34–37]. 

Several types of polyspecificity reagents have been developed for eliminating non-specific 
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variants and enabling the isolation of antibodies with specificities that rival those of natural 

antibodies [37, 38]. For example, one particularly effective polyspecificity reagent is 

composed of soluble membrane proteins generated from mammalian cell lysates [34, 37, 39, 

40]. Negative selections performed with this polyspecificity reagent and positive selections 

performed with the target antigen led to the isolation of antibodies with greatly reduced 

levels of non-specific binding relative to antibodies obtained without negative selections 

[37]. Moreover, chaperone proteins (e.g., Hsp90) have also been shown to be effective and 

well-defined polyspecificity reagents [38]. These examples demonstrate that various types of 

polyspecificity reagents are invaluable tools for performing negative selections to remove 

non-specific antibody variants during library sorting.

A second key approach for identifying antibodies with increased specificity during in vitro 
selections is to perform positive selections for antigen binding in the presence of high 

concentrations of non-target molecules. Complex mixtures such as serum or milk are 

particularly effective at blocking non-specific interactions. The use of complex mixtures of 

non-target molecules during positive selections was recently evaluated during the affinity 

maturation of single-chain (scFv) antibodies against the Alzheimer’s Aβ42 peptide [41]. The 

investigators generated antibody libraries with sequence diversity restricted to heavy chain 

CDR3, displayed the libraries on the surface of yeast, and selected for antibody variants with 

increased affinity. The investigators first performed antibody selections in the absence of 

high concentrations of non-target molecules. Interestingly, the selected antibodies had CDRs 

enriched in arginine residues (~50% of the mutations were arginine), which is likely due to 

the fact that the Aβ peptide is negatively charged at neutral pH (isoelectric point of ~pH 5.5) 

and hydrophobic. The highest affinity antibody variant selected using this method (A10) 

contained three arginine mutations in heavy chain CDR3 and lost all antigen binding activity 

in the presence of high concentrations of non-target molecules (1% milk). Alanine scanning 

mutagenesis of the evolved antibody revealed that the majority of the binding affinity was 

mediated by the arginine mutations. These findings are consistent with previous results that 

arginine CDR mutations are a key risk factor for poor antibody specificity [26, 27, 42].

A strikingly different result was obtained when the antibody selections were repeated against 

the Aβ42 peptide in the presence of high concentrations of non-target molecules (1% milk) 

[41]. In this case, the selected antibodies had increased specificity despite that some of the 

antibody variants had several arginine CDR mutations. For example, the highest affinity 

antibody variant obtained using the more stringent approach (B2) had multiple arginine 

CDR mutations but retained antigen binding in the presence of 1% milk. Surprisingly, 

alanine scanning mutagenesis revealed that the B2 antibody was not dependent on the 

arginine mutations for affinity, suggesting that these positively charged mutations were 

selected for other purposes (e.g., antibody expression and solubility). These results suggest 

that overreliance on arginine CDR residues for affinity is linked to increased affinity/

specificity trade-offs, and that arginine CDR mutations display context-dependent impacts 

on antibody specificity.

One notable consequence of poor antibody specificity is that it can lead to poor 

pharmacokinetics and fast antibody clearance [40, 43–45]. The challenges of antibody 

affinity/specificity trade-offs and their connection to fast antibody clearance were elegantly 
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highlighted in a recent study involving the affinity maturation of an antibody specific for 

nerve growth factor [44]. The investigators increased the affinity of a lead antibody by an 

order of magnitude via several CDR mutations. However, the affinity-matured variant – 

which had several hydrophobic CDR mutations (Fig. 4A) – displayed increased levels of 

non-specific interactions with various non-target molecules and chromatography matrices 

(Fig. 4B). Moreover, the affinity-matured variant was cleared much faster in vivo than the 

parent antibody. The investigators were able to overcome these affinity/specificity trade-offs 

by replacing three of the hydrophobic CDR mutations that were not involved in antigen 

binding with polar residues. Impressively, the optimized antibody displayed high specificity 

and excellent pharmacokinetic properties without reductions in affinity. These and related 

findings [46–49] provide valuable insights for overcoming affinity/specificity trade-offs by 

engineering antibody CDRs and frameworks to achieve high specificity while maintaining 

high antibody affinity.

4. Antibody affinity/solubility trade-offs

Another important challenge in developing antibody therapeutics is maintaining high 

antibody solubility during the accumulation of affinity-enhancing mutations in the CDRs 

and framework regions [4, 5]. Some affinity-enhancing mutations – such as hydrophobic 

mutations that are solvent-exposed in the CDRs – are expected to be beneficial for affinity 

but detrimental for solubility. Nevertheless, it is critical to identify and engineer highly 

soluble antibodies because antibody aggregation is linked to immunogenicity [50].

One particularly insightful study related to antibody affinity/solubility trade-offs evaluated 

several protein engineering strategies to overcome solubility problems for a monoclonal 

antibody (CNTO607) specific for IL-13 (Fig. 5) [51]. The poor solubility (~13 mg/mL) of 

the wild-type, high-affinity antibody (KD of 18 pM) was due to a hydrophobic hotspot in 

heavy chain CDR3 that involved a Phe-His-Trp motif. Mutation of these residues to alanine 

greatly increased solubility (>164 mg/mL) but also greatly reduced affinity (KD > 45000 

pM). Given that these hydrophobic CDR residues were critical for affinity, the investigators 

evaluated alternative strategies for increasing antibody solubility without mutating heavy 

chain CDR3. First, they evaluated the impact of increasing antibody net charge by 

introducing positively charged residues into the frameworks of the variable domains. This 

strategy resulted in a modest increase in solubility (~29 mg/mL) without significantly 

altering antibody affinity. Second, they identified multiple CDRs (heavy chain CDR1 and 

light chain CDR3) that were not directly involved in antigen binding and evaluated 

mutations in these CDRs that increased their hydrophilicity (especially light chain CDR3). 

However, these mutations resulted in only moderate improvements of antibody solubility 

(~25–29 mg/mL).

The third and most impactful approach that increased the solubility of CNTO607 was the 

introduction of an N-linked glycosylation site into heavy chain CDR2 (Fig. 5) [51]. While 

the conventional N-linked glycosylation site in antibodies is located in the Fc fragment, it is 

possible for antibodies to acquire non-conventional glycosylation sites in the CDRs due to 

asparagine mutations with the appropriate neighboring residues (Asn-X-Ser/Thr). CNTO607 

was originally identified with an N-linked glycan in heavy chain CDR2, but this was 
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removed due to the analytical and manufacturing challenges associated with developing 

antibodies with nonconventional glycosylation sites. However, the investigators found that 

re-introducing this glycosylation site dramatically increased solubility without impacting 

antibody affinity (Fig. 5). It appears that the proximity of this glycan to the hydrophobic 

hotspot in heavy chain CDR3 enables it to increase antibody hydrophilicity without reducing 

affinity. This and a follow-up study [52] powerfully demonstrate both the challenges of 

affinity/solubility trade-offs and methods for overcoming them.

Another excellent example of affinity/solubility trade-offs and how to overcome them was 

demonstrated in the study of an antibody (Li33) specific for LINGO-1 (a glycoprotein 

involved in demyelination disorders) [53]. This potent antibody (EC50 of 0.12 nM) has 

unusually low solubility (<1 mg/mL). Crystal structures of the Fab and F(ab')2 forms of the 

antibody revealed hydrophobic residues in the CDRs that form CDR-CDR and CDR-

framework contacts, and appear to mediate antibody self-association and aggregation. 

Therefore, the investigators tested several protein engineering strategies to increase antibody 

solubility without reducing affinity. One surprisingly effective strategy was reformatting the 

poorly soluble IgG1 antibody (<1 mg/mL) to IgG2 (>50 mg/mL) and IgG4 (>30 mg/mL) 

antibodies. The precise mechanism for this enhanced solubility is unclear, as simple 

explanations based on antibody charge are not consistent with the increased solubility. 

Instead, it appears that subtle differences in molecular geometry linked to the hinge 

sequences and patterns of disulfide bonding may be involved in the large solubility 

enhancements.

Two other protein engineering strategies also proved to be useful for increasing the solubility 

of the anti-LINGO-1 antibody [53]. First, hydrophobic CDR residues that were not involved 

in antigen binding were replaced with smaller hydrophobic or hydrophilic residues, which 

greatly increased solubility (from <1 mg/mL to >10 mg/mL) without reducing affinity. 

Second, N-linked glycosylation sites were introduced (one at a time) at four sites in the CH1 

domain with the goal of disrupting hydrophobic interactions involving the CDRs. 

Interestingly, glycosylation at two sites was highly effective at increasing solubility (from <1 

mg/mL to >50 mg/mL) without impacting affinity. The two most effective glycosylation 

sites were those closest to the crystal contacts involving the hydrophobic CDRs, which is 

consistent with the glycans disrupting hydrophobic interactions. These and related studies 

[44, 54–66] demonstrate powerful protein engineering methods for overcoming trade-offs 

between antibody affinity and solubility.

5. Future directions

There are several important areas of future research that are key to minimizing trade-offs 

between different antibody properties during the discovery and development of antibody 

therapeutics. First, it will be important to develop methods for predicting antibody 

specificity based on antibody sequence and structure. The fact that measurements of 

antibody specificity (non-specific binding and self-association) are the best biophysical 

descriptors of the likelihood of antibody success in the clinic [67] highlights the importance 

of developing computational and bioinformatics methods for predicting antibody specificity. 

Some of the key factors that determine antibody specificity are becoming clearer, including 
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the numbers of charged, hydrophobic and hydrophilic residues in CDRs [26, 27, 39, 41, 42, 

44, 68–70] as well as the net charge of the variable regions [46, 47, 49]. However, methods 

are needed to collectively describe these disparate findings and provide guidelines for 

identifying antibody variants with high specificity based only on their amino acid sequences 

or their combined sequences and structures. The development of such predictive methods 

would have an immediate impact on the field by enabling the identification of high-affinity 

antibody candidates that also have high specificity.

It will also be important in the future to improve methods for designing antibody libraries 

for in vitro antibody discovery and affinity maturation to minimize trade-offs between 

antibody affinity and other key biophysical properties. The fact that only a small fraction of 

maximal chemical (amino acid) diversity can be sampled in any antibody library means that 

it is critical to sample mutations that will most likely maintain or enhance antibody 

biophysical properties while improving affinity [39]. Future work in antibody library design 

will need to address many outstanding challenges, especially those related to developing 

constraints for focusing amino acid diversity on mutations that are most likely to lead to high 

antibody specificity, solubility and stability in addition to high affinity. This is non-trivial 

because some mutations (e.g., positively charged mutations in the CDRs) that are helpful for 

one biophysical property (e.g., solubility) can be detrimental for other properties (e.g., 

specificity) [5, 26, 41]. Therefore, it will be especially important to generate guidelines for 

predicting antibody CDR sequences that maximize several biophysical properties (e.g., 

specificity and solubility) without eliminating key interactive residues that contribute to 

antibody affinity. The library design methods should also consider amino acid diversity in 

antibody frameworks (in addition to the CDRs) to enable the identification of both affinity-

enhancing mutations (that can be destabilizing) and compensatory stabilizing mutations [13, 

14]. Previous work suggests that library design methods that follow patterns of natural 

antibody diversity for both framework regions [71] and CDRs [31, 72–74] may be most 

effective.

A third key area of future research is to develop more efficient experimental screening 

methods for identifying antibodies with minimal trade-offs between affinity and other 

biophysical properties. For antibodies discovered or matured using in vitro methods (e.g., 

phage and yeast surface display), it is key to develop better methods for eliminating 

suboptimal variants during the library sorting process prior to evaluating them as soluble 

(non-fusion) proteins. It will be important to further develop effective and well-defined 

polyspecificity reagents for negative selections to eliminate antibodies with low specificity 

and solubility. It is not clear to what extent this is possible using a single polyspecificity 

reagent [37, 38] or whether multiple reagents are needed to eliminate antibodies with defects 

in different properties. It will also be important to identify new conformational ligands that 

recognize diverse classes of human variable regions to achieve robust selection of antibody 

variants with high stability.

Another key area of future work is to use deep sequencing methods to identify antibody 

mutations that improve a given property (e.g., affinity) without compromising other 

properties (e.g., stability and specificity). Previous studies have demonstrated the power of 

this methodology for identifying antibody sites that are highly tolerant to mutation as well as 
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antibody mutations that lead to higher affinity without stability trade-offs [75, 76]. Similarly, 

deep sequencing methods have been used to finely tune antibody specificity – without 

compromising affinity – to remove undesirable binding to non-target molecules that have 

high homology to the target antigens [77]. It will be important in the future to use these 

powerful methods along with advanced data analytics to better understand trade-offs 

between various key antibody properties.

A final key area of future work is the development of improved computational methods for 

predicting mutations in antibody CDRs and frameworks that co-optimize multiple antibody 

properties. Predictions of mutations that improve one property typically do not consider their 

potential negative effects on other properties. Nevertheless, encouraging results are emerging 

for computational design methods to optimize antibody affinity, stability and/or solubility 

[56, 78–80]. Future efforts will also need to improve structural predictions of antibody 

CDRs [81, 82] – especially the long and highly variable heavy chain CDR3 – to accurately 

predict CDR mutations that are beneficial to different antibody properties. The continued 

development of such computational methods is expected to make experimental screening 

methods more efficient and enable the rapid generation of antibodies with optimized 

properties for diverse therapeutic applications.
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Highlights

• Antibodies display trade-offs between key properties during affinity 

maturation

• Antibody mutations that increase affinity are commonly destabilizing

• Affinity-enhancing mutations can reduce antibody specificity and solubility

• New methods are reported for minimizing trade-offs between key antibody 

properties
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Figure 1. 
Overview of the key properties of monoclonal antibodies. The lines connecting different 

antibody properties highlight their interdependence and that optimization of any one 

property can lead to defects in other properties.
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Figure 2. 
Efficient affinity maturation of antibody variable (VH) domains requires co-selection of 

stabilizing mutations that compensate for the destabilizing effects of affinity-enhancing 

mutations. (A) Structural model of a human variable domain specific for the Alzheimer’s 

Aβ42 peptide that was co-evolved for enhanced affinity and stability using directed 

evolution methods. The evolved antibody domain acquired 12 mutations in the framework 

and complementarity-determining regions (CDRs). (B) Analysis of the contribution of each 

acquired mutation to affinity and stability. Single reversion mutations that reduce the 

equilibrium association constant (KA) indicate mutations that are beneficial for affinity, 
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while those that increase KA correspond to mutations that are detrimental to affinity. 

Likewise, single reversion mutations that reduce the apparent melting temperature (Tm
*) 

indicate mutations that are beneficial for stability, while those that increase Tm
* correspond 

to mutations that are detrimental to stability. Several of the key affinity mutations (R50, R62 

and N72) are strongly destabilizing and are compensated for by two key stabilizing 

mutations that also enhance antibody affinity (K45 and K98). The solid lines are the values 

of KA (~1 × 10−7 M−1) and Tm
* (66 °C) for the evolved VH domain with 12 mutations. The 

CDRs are defined using Kabat numbering, and CDR4 is defined as residues 71–78. The 

figure is adapted from Reference [13].
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Figure 3. 
Mutational analysis of the contributions of antibody (VHH) mutations accumulated during 

affinity maturation to affinity and specificity. Single reversion mutations were generated for 

two affinity-matured variable domains specific for α-synuclein to determine the contribution 

of each acquired mutation to affinity and specificity. Values of the equilibrium association 

constant (KA) were measured using fluorescence polarization. Normalized specificity was 

measured as the binding of the parent antibody to milk proteins divided by that for the 

reversion mutant (parent/reversion mutant). Reductions in affinity or specificity for the 

reversion mutants indicate that the original mutations acquired during affinity maturation 

contribute positively to either property. The figure is adapted from Reference [31].
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Figure 4. 
Affinity maturation of an anti-nerve growth factor antibody leads to the accumulation of 

mutations that result in non-specific interactions and fast antibody clearance. (A) Structural 

model of the variable regions of the affinity-matured antibody. The residues responsible for 

low specificity (W30 and F31 in heavy chain CDR1 and L56 in heavy chain CDR2) are 

highlighted. (B) Size-exclusion chromatography reveals that the affinity-matured antibody 

interacts with the column matrix and displays abnormally long elution times relative to the 

parental antibody. (C) Antibody clearance rates from rats (dose of 0.3 mg/kg) reveals that 
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the affinity-matured antibody is cleared much faster than the parental antibody. The figure is 

redrawn and adapted from Reference [44].
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Figure 5. 
Mutations in an anti-IL-13 mAb display trade-offs between antibody affinity and solubility. 

Key residues that mediate high affinity while compromising solubility are three consecutive 

aromatic and histidine residues (Phe-Trp-His) in heavy chain CDR3. The most effective 

combination of mutations that increase antibody solubility while maintaining affinity are a 

single mutation that introduces an N-linked glycosylation site in heavy chain CDR2 and 

multiple mutations in the variable light (VL) domain that increase the overall net (positive) 

charge. The data are from Reference [51].
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