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A number of heterologous enzymes have been investigated for
cancer treatment and other therapeutic applications; however,
immunogenicity issues have limited their clinical utility. Here, a
new approach has been created for heterologous enzyme deimmu-
nization whereby combinatorial saturation mutagenesis is coupled
with a screening strategy that capitalizes on the evolutionary
biology concept of neutral drift, and combined with iterative
computational prediction of T-cell epitopes to achieve extensive
reengineering of a protein sequence for reduced MHC-II binding
propensity without affecting catalytic and pharmacological proper-
ties. Escherichia coli L-asparaginase II (EcAII), the only nonhuman
enzyme approved for repeated administration, is critical in treat-
ment of childhood acute lymphoblastic leukemia (ALL), but elicits
adverse antibody responses in a significant fraction of patients.
The neutral drift screening of combinatorial saturation mutagen-
esis libraries at a total of 12 positions was used to isolate an EcAII
variant containing eight amino acid substitutions within computa-
tionally predicted T-cell epitopes—of which four were nonconser-
vative—while still exhibiting kcat∕KM ¼ 106 M−1 s−1 for L-Asn
hydrolysis. Further, immunization of HLA-transgenic mice expres-
sing the ALL-associated DRB1*0401 allele with the engineered
variant resulted in significantly reduced T-cell responses and a
10-fold reduction in anti-EcAII IgG titers relative to the existing
therapeutic. This significant reduction in the immunogenicity of
EcAII may be clinically relevant for ALL treatment and illustrates
the potential of employing neutral drift screens to achieve large
jumps in sequence space as may be required for the deimmuniza-
tion of heterologous proteins.

directed evolution ∣ protein engineering

A variety of genetic and acquired human diseases can be trea-
ted by the systemic administration of enzymes catalyzing the

depletion of metabolites that contribute to pathological states.
Recombinant human enzymes are used extensively as replace-
ment therapy for lysosomal storage disorders such as Gaucher,
Fabry, and Pompe diseases (1). However, there are many diseases
for which a human enzyme displaying the requisite catalytic and
pharmacological properties for clinical use is unavailable. There-
fore, heterologous enzymes, primarily of bacterial origin, have
been evaluated for the treatment of a variety of disorders includ-
ing phenylketonuria (2), gout (3), and a number of cancers that
are sensitive to enzyme-mediated, systemic depletion of amino
acids. Examples of the latter include a large fraction of hepato-
cellular carcinomas and metastatic melanomas that become
apoptotic under conditions where the nonessential amino acid
L-Arg in serum is depleted (4), central nervous system cancers
that respond to L-Met deprivation (5), and acute lymphoblastic
leukemia (ALL) for which enzyme-mediated L-Asn depletion is a
critical step in the current clinical treatment approach (6–8).

A major impediment in the therapeutic application of hetero-
logous enzymes is their immunogenicity, which results in the gen-
eration of antienzyme antibodies that in turn mediate a variety of
adverse effects including hypersensitivity reactions, anaphylactic

shock, and the inactivation and clearance of the enzyme itself (9).
Masking of immunogenic epitopes via covalent modification with
PEG can reduce protein immunogenicity (10), but eventually
antigen-specific, and even PEG-specific, antibodies that contri-
bute to therapeutic neutralization may be elicited toward PEG-
ylated proteins (11, 12).

Protein immunogenicity can be ameliorated by mutating
sequences likely to be recognized by the naive antibody repertoire
(B-cell epitopes) or sequences that are bound by the major
histocompatability complex (MHC)-II and thus can elicit T-cell-
dependent immune responses. However, the identification and
removal of B-cell epitopes is exceedingly difficult given their con-
formational nature, and is further complicated by our incomplete
knowledge of naive antibody repertoires, and how they vary
across different human populations. In contrast, there is extensive
evidence from animal models, in vitro experiments, and early
stage clinical studies, that the disruption of T-cell epitopes can
reduce antibody responses in some therapeutic proteins (13, 14).
T-cell receptors on CD4þ T cells recognize antigenic peptides
(typically 13–25mers) presented in complex with MHC-II mole-
cules on the surface of antigen-presenting cells (APCs). The
MHC-II binding groove contains four well-defined pockets that
accommodate the side chains of the P1, P4, P6, and P9 residues
within a core 9mer region of the T-cell epitope, and these key
residues largely determine binding affinity and specificity (15).
Although the MHC-II locus is highly polymorphic, assays using
APCs from volunteers representative of the major MHC-II hap-
lotypes in human populations have been successfully deployed to
identify T-cell epitopes that contribute to protein immunogenicity
in a large fraction of patients. Alternatively, a plethora of in silico
methods (16) have been developed over the past several years for
the prediction of sequences that bind to various MHC-II alleles.

The removal of T-cell epitopes by mutagenesis has been used
with some success in reducing the immunogenicity of humanized
and chimeric antibodies (17–19). However, whereas these pro-
teins contain, at most, a few relatively short potentially immuno-
genic sequences, heterologous enzymes that have not undergone
immunological tolerance induction typically contain multiple
T-cell epitopes, the removal of which thus necessitates extensive
alteration of the polypeptide sequence in a manner that does not
affect protein function. Further, enzyme catalysis is dictated not
only by the active site residues, but also on a network of amino
acids distributed throughout the protein (20). For this reason,
the introduction of multiple amino acid substitutions that disrupt
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MHC-II binding but do not affect catalytic activity represents a
significant challenge. This is particularly problematic when deim-
munization requires the replacement of amino acids that are phy-
logenetically conserved and consequently, substitutions at these
positions could impact protein stability or catalytic efficiency.
Rational approaches for the incorporation of deimmunizing
mutations into heterologous enzymes have previously proven to
be effective (14, 21); however, the tolerable mutations necessary
to reduce immunogenicity while concomitantly maintaining en-
zyme functionality may not always be readily determined by these
means. Thus, an alternative strategy that utilizes high-throughput
screening of combinatorial libraries could afford large jumps in
sequence space, as may be required for the isolation of fully
functional heterologous enzymes with reduced immunogenicity.

In this paper we take advantage of the evolutionary biology
concept of neutral drift (22–24) for the combinatorial deimmu-
nization of a therapeutic enzyme without loss of function. Neutral
drift refers to the accumulation of mutations under selective
conditions that do not ultimately impact protein function. For
deimmunization, putative T-cell epitopes are first identified com-
putationally (or experimentally), then key residues important for
MHC-II binding are subjected to combinatorial randomization,
and the resulting libraries are subjected to a neutral drift screen
to isolate variants that retain WT function. The pools of neutral
drift variants are evaluated for MHC-II binding and those that
display scores indicative of compromised binding are purified
and characterized biochemically. Finally, T-cell activation assays
and antibody titers in transgenic mice homozygous for disease
associated HLA alleles are used to evaluate T-cell epitope
removal and immunogenicity, respectively (Fig. 1A). Although
in this work we employed computational prediction of T-cell epi-
topes, the neutral drift screening methodology can be coupled to
the experimental detection of sequences likely to bind MHC-II,
using either haplotyped human peripheral blood mononuclear
cell pools or relevant HLA-transgenic animals.

The implementation of the strategy described above is criti-
cally dependent upon a high-throughput technology for the rapid
isolation of mutations that have minimal or no effect on function.
Unfortunately, neutral drift screens for most enzymes—let alone
those of therapeutic significance—have not been developed,
necessitating the use of surrogate screening methods that inter-
rogate proteins for stability and expression rather than catalytic
function (25). Manual assays, e.g., using a 96-well microtiter plate
format, do not afford sufficient throughput for most purposes,
whereas genetic selections based on complementation of auxo-
trophic strains to growth on selective media lack a necessary
degree of quantitation. Thus, in many instances, the expression of
clones displaying significant differences in catalytic activity does
not result in noticeable differences in colony formation (26).
Further, the extreme adaptability of biological systems can lead
to growth via mechanisms that bypass the action of the expressed
heterologous protein (27–29).

We have developed a simple and robust neutral drift screen
readily applicable to a variety of important therapeutic enzymes
that catalyze the depletion of amino acids or other metabolites
important for disease states. Fig. 1B presents a schematic of the
neutral drift screen as applied to the chemotherapeutic enzyme
L-Asparaginase II (EcAII, EC 3.5.1.1). EcAII has been a corner-
stone component of chemotherapeutic protocols for the treat-
ment of ALL for over 40 y (30–33). In ALL, lymphoblasts
lack or express low levels of L-asparagine synthetase (AS) (34)
and therefore require the uptake of L-Asn from serum for cell
proliferation (6). EcAII catalyzes the hydrolysis of L-Asn to
L-Asp and ammonia with kcat∕KM ¼ 3.3 × 106 M−1 s−1 (as calcu-
lated in this study) resulting in the systemic depletion of serum
L-Asn (7, 35, 36), which in turn induces apoptosis of ALL
lymphoblasts (37, 38). However, antibody responses to EcAII
have been reported in up to 60% of patients (39). The primary
strategy for managing the disease in patients with adverse
immune responses to EcAII is treatment with the Erwinia cara-
tovora L-Asparaginase II, which although is non-cross-reactive
with anti-EcAII antibodies (40), is also highly immunogenic
and clinically inferior to EcAII with respect to both event-free
survival and overall survival rates at 6 y (41).

Results
Development and Validation of Neutral Drift Screen. To develop a
neutral drift screen for EcAII, we first constructed Escherichia
coli JC1 [MC1061 ΔaspCΔtyrBΔansAΔansBΔiaaA] in which
the genes required for L-Asp biosynthesis (aspC, tyrB) and the
three genes required for endogenous L-asparaginase enzymes
were deleted. JC1 cells expressing a low level of recombinant
EcAII formed normal size colonies when plated on minimal med-
ia plates with 19 amino acids (no L-Asp). In contrast, cells with-
out plasmid or expressing the recombinant, inactive, EcAII-T12A
point mutant formed pinpoint colonies, presumably because
spontaneous hydrolysis of L-Asn provides a basal level of L-Asp
for growth. The formation of pinpoint colonies by null mutants
and the cross-feeding of L-Asp generated by low activity clones
frustrated efforts to select neutral mutants on plates with selec-
tive media; in multiple attempts, similar size colonies formed by
plating mutagenized enzyme were later found to encode enzymes
with dramatically different L-Asn hydrolysis kinetics.

To enable an additional level of quantitation, cells were trans-
formed with a plasmid expressing GFP under an IPTG inducible
promoter, grown to late exponential phase in media containing
all 20 amino acids, washed, and transferred for a short time
period to media with 19 amino acids (no L-Asp) and IPTG to
induce GFP synthesis. Following the addition of IPTG, GFP
synthesis—and hence intracellular fluorescence—was dependent
on the availability of L-Asp, which in turn was proportional
to EcAII enzymatic activity. Utilizing this assay, we found that
intracellular GFP fluorescence correlated well with the activity

Fig. 1. Deimmunization by combinatorial T-cell epitope removal using
neutral drift. (A) Methodology for combinatorial T-cell epitope removal by
neutral drift and subsequent evaluation of isolated variants using HLA-trans-
genic mice. (B) High-throughput neutral drift FACS screen for L-asparaginase.
μ, geometric mean fluorescence.
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of a panel of recombinantly expressed EcAII variants displaying
up to two orders of magnitude differences in catalytic efficiency.
Thus, in contrast to the genetic selection approach described ear-
lier, coexpression of a GFP reporter allowed for the discrimina-
tion of clones expressing asparaginases with varying degrees of
enzymatic activity. Upon induction of GFP transcription from
a strong promoter on a high copy number plasmid, the GFP
mRNA accounts for a large fraction of the total cellular mRNA,
therefore providing a time frame during which GFP synthesis
correlates well with the rate of L-Asp generation, and thus with
the relative asparaginase activity within the cell. For example,
cells expressing EcAII-G57V exhibited a nearly 10-fold lower
GFP fluorescence relative to cells expressing EcAII-G57A,
which has approximately 15-fold higher catalytic efficiency (42)
(Fig. S1A). Although the assay was able to easily eliminate
low activity clones, cells expressing enzymes with high catalytic
activity, such as EcAII-G57A [kcat∕KM (L-aspartic acid β-hydro-
xomate, AHA, ¼2.2 × 105 M−1 S−1 (42)], exhibited identical
GFP fluorescence relative to WT EcAII [kcat∕KMðAHAÞ ¼
8.2 × 105 M−1 S−1 (42)] indicating that the signal saturates for
enzymes with kcat∕KM within 3- to 4-fold of the WTenzyme cat-
alytic efficiency. Nonetheless, enzymes with kcat∕KMðL-AsnÞ >
106 M−1 s−1 should be more than sufficient for therapeutic
purposes given that circulating L-Asn is depleted to negligible
levels within minutes following the administration of a therapeu-
tic dose of WT EcAII (43), and remain low for weeks afterward
(32, 43). Therefore, even though enzymes with kcat∕KM (L-Asn)
up to 3- to 4-fold below that of the WT enzyme might result in
marginally slower initial depletion of serum L-Asn, they should
not affect the longer term maintenance of low serum L-Asn
levels, which is the therapeutically relevant parameter. To vali-
date the enrichment capabilities of the assay, three rounds of cell
sorting produced a 6,000-fold enrichment of JC1 cells expressing
WT EcAII from an initial mixture containing a 10,000-fold excess
of JC1 cells expressing EcAII-T12A (Fig. S1B).

Computational Identification of Putative EcAII T-Cell Epitopes. Puta-
tive EcAII T-cell epitopes were identified using the Immune
Epitope Database (IEDB) consensus method (16). The protein
sequence was parsed into overlapping 15mer peptide fragments
(staggered by one residue) and within each fragment, 9-mer
core regions were scored for predicted binding first to HLA-
DRB1*0401, which shows strong association with childhood ALL
in males (44) , and then to an additional seven HLA-DR alleles
that collectively cover nearly 95% of the human population (45).
Three 9-mer core regions that were scored with a consensus per-
centile rank (CPR) within the lowest 10% of the parsed peptide
fragments as determined for binding to DRB1*0401 (CPR < 2)
and that further received equivalently low scores for at least
one other DRB1 allele were selected for T-cell epitope removal:
M115RPSTSMSA, I216VYNYANAS, and V304LLQLALTQ
(designated M115, I216, and V304 where these three residues cor-
respond to the respective P1 positions).

Neutral Drift Screening of EcAII Libraries. The P1, P4, P6, and P9
positions, which are most critical for the binding of peptides to
the MHC-II binding groove (15), were subjected to saturation
mutagenesis using the NNS (N ¼ A, T, G, C; S ¼ G, C) rando-
mization scheme. Randomization and neutral drift screening
were carried out sequentially, starting with M115 and continuing
with I216 and finally V304 to (i) ensure complete library coverage
for each individual epitope; (ii) evaluate the relative plasticity of
different regions of the protein to amino acid substitutions, and
(iii) simplify the structural interpretation of any observed changes
in the activity of isolated mutants.

The 107 transformants of the M115 library (predicted theore-
tical diversity ≈10.56) were subjected to three rounds of FACS
screening until the mean cell fluorescence of the sorted popula-

tion was comparable to that of cells expressing the WT enzyme
(Fig. S2A). In this instance, the high initial fluorescence of the
library (μ ¼ 90; Fig. S2A) suggested that amino acid substitutions
at the targeted sites were generally tolerated. Following the final
round of sorting, 120 individual clones selected at random were
assayed in microtiter well plates using the colorimetric asparagi-
nase substrate AHA. This secondary screen eliminated inactive
clones that might have been inadvertently recovered during
FACS enrichment. Active clones were found to display minor
variations in AHA hydrolysis rates consistent with the notion that
the FACS screen enriches variants with near WTactivity. Fig. 2A
shows the frequency of amino acid occupancy at M115, S118,
S120, and A123. Interestingly, M115, which is absolutely con-
served among the nearly 500 bacterial type II L-asparaginases
in the database, could tolerate a variety of nonconservative
substitutions. Analogous promiscuity was observed at both S120
and A123, which are also highly conserved phylogenetically.
Evaluation of the isolated sequences using the IEDB consensus
model revealed that the alteration of M115RPSTSMSA to V115

RPPTRMSP results in over a 20-fold increase in CPR score
for the DRB1*0401 allele, as well as increases in the CPR scores
for five other HLA-DR alleles (Table 1). The resulting enzyme
variant, EcAII M115V/S118P/S120R/A123P (designated as clone
1.1.C4), having four amino acid substitutions—three of which
were nonconservative—displayed catalytic properties for the
hydrolysis of L-Asn (kcat ¼ 28 s−1, KM ¼ 17 μM, kcat∕KM ¼
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Fig. 2. Isolation of EcAII neutral drift mutants. (A) Residue plasticity of
known bacterial type II asparaginases (IPR004550; n ¼ 478) and of EcAII
variants exhibiting WT activity isolated by neutral drift (n ¼ 20 per library)
at the 12 amino acids targeted for mutagenesis. Residue numbers correspond
to positions in EcAII. (B) Location of the eight amino acid mutations differ-
entiating wild-type EcAII and 3.1.E2. Images generated by PyMol (55). The
location of these mutations in relation to the EcAII active site is shown
in Fig. S5.

1274 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1014739108 Cantor et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1014739108/-/DCSupplemental/pnas.1014739108_SI.pdf?targetid=SF5


1.6 × 106 M−1 s−1) that were nearly identical to those of the par-
ental enzyme with only a twofold increase in KM .

The 1.1.C4 variant was then used as a template in the subse-
quent diversification of the P1, P4, P6, and P9 positions in
I216VYNYANAS. The near background mean fluorescence of
the initial library cell population (107 transformants) revealed
that the overwhelming majority of amino acid substitutions at
these residues are deleterious. Nonetheless, a population with
near WT fluorescence was established after four rounds of FACS
sorting (Fig. S2B). In contrast to the high degree of plasticity
observed in the M115 core region, mutagenesis of the MHC-II
anchor positions in the I216 core yielded mostly conservative ami-
no acid substitutions (Fig. 2A). One variant of 1.1.C4 containing
two mutations, a conservative change at I216Vand a nonconser-
vative one at N219G, displayed a 7-fold increase in CPR score
of the modified I216 core region for DRB1*0401, and increases
in the CPR scores for seven other common HLA-DR alleles
(Table 1). Once again, these mutations did not affect the catalytic
properties of the enzyme for the hydrolysis of L-Asn
(kcat ¼ 21 s−1, KM ¼ 19 μM, kcat∕KM ¼ 1.1 × 106 M−1 s−1). This
variant, designated 2.2.G10, was then used as a template for mu-
tagenesis of the V304LLQLALTQ T-cell epitope core region (107
transformants). The final enzyme variant, designated 3.1.E2,
further containing a nonconservative change at Q307Tand a con-
servative Q312N substitution, showed a 3-fold increase in the
CPR score for binding to DRB1*0401 and increased CPR scores
for four other alleles (Table 1). The 3.1.E2 mutant contained a
total of eight amino acid substitutions (Fig. 2B), but retained a
kcat (L-Asn) identical to the parent enzyme with just a 3-fold
increase in KM (L-Asn) (kcat ¼ 24 s−1, KM ¼ 23 μM, kcat∕KM ¼
1.0 × 106 M−1 s−1). Further, 3.1.E2 displayed slightly reduced
(33%) specific activity toward L-Gln hydrolysis that may be of
therapeutic benefit (42), was stable in serum for over 10 d
(Fig. S3); essentially identical to the WT EcAII (46), and could
be expressed at a high yield ( >30 mg∕L shake flask culture)
(Fig. S4). Finally, we note that because recombinant EcAII folds
and expresses well, no mutants with low activity but compensatory
expression levels were isolated in screening each library.

Evaluation of EcAII T-Cell Responses and Immunogenicity Using HLA-
Transgenic Mice. The immunogenicity of purified, low endotoxin
preparations of WT EcAII and 3.1.E2 were evaluated in trans-
genic mice expressing human HLA-DRB1*0401 under the mouse
MHC-II promoter and deficient in the endogenous murine
MHC-II locus. As a stringent test of the potential for immuno-
genicity, mice were immunized with a strong adjuvant (Complete
Freund’s Adjuvant) to induce robust CD4+ T-cell responses. The
HLA-transgenic mice were immunized with either WT EcAII or
3.1.E2, and T-cell responses were measured in draining lymph
node cells by cytokine ELISPOTassays for IFN-γ levels following

recall with either the initial enzyme itself or with overlapping
20-mer synthetic peptides corresponding to the sequence of the
enzyme used in the initial immunization (Fig. 3A). For WT
EcAII, the highest level of T-cell activation was observed in
response to 20-mer WTp211-230, which contained the predicted
core region I216VYNYANAS. Deimmunization resulted in a
significant decrease in T-cell activation by peptides containing
the mutated sequences relative to I216VYNYANAS and V304

LLQLALTYQ in the parental enzyme. In contrast, although mu-
tagenesis of the M115RPSTSMSA region resulted in a sequence
with improved CPR score with respect to binding DRB1*0401, no
statistical difference in cytokine stimulation could be observed
for the mutant peptide. This result was probably a consequence
of the complex relationship between antigen processing, MHC-II
binding, and TCR recognition and signaling (47). Interestingly,
although the cytokine responses induced by the 17 N-terminal
overlapping peptides were essentially indistinguishable (p ¼
0.182) regardless of whether the mice had been immunized with
WT or mutant enzyme, a significantly reduced response (p <
0.0001) was observed for the 3.1.E2-immunized population
across the 15 C-terminal overlapping peptides. One possible
explanation for this result is that the mutations in 3.1.E2 may
have affected antigen processing, thus altering MHC-II loading
(48). Importantly, mice immunized with 3.1.E2 also displayed a
statistically significant (p ¼ 0.02) 10-fold reduction in anti-EcAII
IgG titer relative to mice receiving the WT enzyme (Fig. 3B).
Given that the activation of CD4+ T cells is in most cases
required for the longevity and proliferation of B cells and for
antibody isotype switching (49), this result strongly implicated
that the removal of EcAII T-cell epitopes in 3.1.E2 resulted in
reduced T-cell help, and thus led to lower antibody titers relative
to the WT enzyme.

Discussion
Human or humanized protein deimmunization has so far relied
on the introduction of one or at most, a very limited number
of conservative amino acid substitutions that attempt to remove
immunogenic epitopes without perturbing therapeutic function.
However, more drastic reengineering of the polypeptide se-
quence is often required for the deimmunization of heterologous
enzymes that have not undergone tolerance induction. Introdu-
cing substantial changes in the primary sequence of enzymes with-
out affecting stability and function poses a significant challenge.
We demonstrated that the use of combinatorial mutagenesis and
neutral drift screens that directly interrogate protein function can
be exploited to take large leaps in sequence space and thus gen-
erate variant polypeptides with reduced propensity to bind to
MHC-II and elicit T-dependent antibody responses. The EcAII
3.1.E2 mutant contained eight amino acid substitutions, three of
which are not observed in any of the nearly 500 bacterial type II
asparaginases in the database, yet retained near WT catalytic

Table 1. Computational prediction of T-cell epitopes in WT EcAII and the 3.1.E2 mutant by IEDB consensus method

Minimum CPR

HLA allele MRPSTSMSA (VRPPTRMSP) IVYNYANAS (VVYGYANAS) VLLQLALTQ (VLLTLALTN)

DRB1*0101 18.48 (n/a) 5.6 (12.27) 6.9 (n/a)
DRB1*0301 2.29 (2.24) 1.07 (6.71) 6.71 (15.89)
DRB1*0401 1.40 (30.75) 0.27 (1.88) 0.79 (2.42)
DRB1*0701 18.53 (n/a) 0.56 (3.95) n/a (18.91)
DRB1*0801 11 (9.9) 5.17 (9.9) 6.4 (9.9)
DRB1*1101 1.82 (6.94) 1.12 (7.58) 0.98 (0.94)
DRB1*1301 6.36 (6.41) 0.38 (2.93) 2.40 (13)
DRB1*1501 19.91 (27.58) 3.14 (11.83) 10.89 (9.32)
CPR ≤ 2 2 5 2

Minimum consensus percentile rank score (CPR) for the three targeted EcAII T-cell epitope core regions across eight common HLA-DR
alleles (see SI Methods). The ALL-associated DRB1*0401 allele is shown in bold. Lower scores are indicative of higher predicted binding
affinity. Sequence and scores for the 3.1.E2 mutant are shown in parentheses where mutations relative to WT EcAII are in bold. n/a, not
predicted to bind.
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efficiency and stability. EcAII 3.1.E2 exhibited substantially
reduced immunogenicity in HLA-transgenic mice and thus
constitutes a very promising candidate for alleviating adverse
responses in the treatment of childhood ALL. Further, the devel-
opment of an asparaginase displaying reduced immunogenicity
could prove critical for longer-term treatment in adult ALL or
for relapsing patients.

The neutral drift screening strategy we developed may be read-
ily applied for the combinatorial deimmunization of a number of
other heterologous therapeutic enzymes used in cancer treatment
that function by systemic amino acid depletion, such as L-methio-
ninase or arginine deiminase. Likewise, different neutral drift
screens may be readily designed for the deimmunization of
heterologous binding proteins, e.g., enzyme inhibitors (50), using
established methods such as phage or microbial display. In gen-

eral, the effect of mutations on protein expression may be
accounted for by constructing a fusion of the target protein to
a fluorescent protein that emits at a different wavelength [e.g.,
red fluorescent protein, which incidentally can be secreted in
the bacterial periplasm in a fluorescent form (51)]. The use of
fluorescent protein fusions to monitor expression and folding
in vivo is well established (52), and thus two-color sorting could
be used to select for both expression and activity simultaneously.
Ultimately, however, the stability of the isolated mutants would
likely need to be determined in medium throughput assays
(e.g., 96-well plates). Finally, although in this work we employed
a computational approach for monitoring immunogenicity, ex-
perimental methods for identifying T-cell epitopes can also be ap-
plied to monitor the immunogenic propensity of mutant proteins.

Methods
FACS Screening. M9 medium supplemented with 0.4% glucose, 3.5 μg∕mL
thiamine, 1 mM MgSO4, .1 mM CaCl2, 160 μg∕mL of the amino acids
L-Asp and L-Tyr, 80 μg∕mL of the 18 remaining amino acids, 30 μg∕mL kana-
mycin, and 200 μg∕mL ampicillin was inoculated with a frozen aliquot of
E. coli JC1 transformed with pQE80L-GFP (11.3.3) (53) and either a library
or a single mutant. Cultures were grown at 37 °C to an A600 ¼ 0.9–1.1, har-
vested by centrifugation (6;000 × g, 4 °C, 6 min), and washed twice with cold
0.9% NaCl. The cell pellets were resuspended in supplemented M9 medium
containing 19 amino acids (no L-Asp, Tyr at 160 μg∕mL, remaining amino
acids at 80 μg∕mL). GFP expression was induced following the media shift
by addition of IPTG to a final concentration of 1 mM. After 1 h of induction
at 37 °C, the cells were harvested by centrifugation (6;000 × g, 4 °C, 6 min),
washed twice with PBS, and resuspended in PBS to a final A600 ∼ 0.05–0.1 for
flow cytometric analysis and cell sorting.

Flow cytometric analyses were performed with a FACSAria (BD Bios-
ciences) using a 488-nm solid-state laser for excitation and a 530∕30 band
pass filter for detection. The throughput rate of cells was adjusted to
4,000–5,000 events per second, and ∼107 cells were sorted each round in
single cell mode except for the initial sort of each library, which was done
in purity mode. A gate in the fluorescence channel was set to recover the
4–5% most highly fluorescent cells while additional gates were set based
on both the forward- and side-scatter channels to exclude sorting nonsingle
cell events. The sorted cells were collected in 0.5 mL of 2xYT medium and
then plated onto 2xYT medium supplemented with 30 μg∕mL kanamycin
and 200 μg∕mL ampicillin. Following overnight growth at 30 °C, the clones
were pooled and stored in 15% glycerol at −80 °C in aliquots.

Transgenic Mice. HLA-DR4 (DRB1*0401) transgenic mice were generated as
described previously (54) and bred under specific pathogen-free conditions
at the University of Texas at San Antonio. Transgenic mice were injected at
6–10 wk of age with the antigen in complete Freund’s adjuvant (CFA). WT
EcAII and variant 3.1.E2 were purified and treated for endotoxin reduction
(see SI Methods). CFA was prepared by mixing Mycobacterium tuberculosis
H37RA (Difco Laboratories) at 5 mg∕mL into Incomplete Freund’s Adjuvant.
Antigens weremixed with the adjuvant to yield a 2 mgprotein∕mL emulsion,
of which 50 μL was injected subcutaneously as specified. Ten days later,
popliteal and inguinal lymph nodes were removed and single cell suspensions
were adjusted to 5 × 106 cells∕mL in HL-1 media (BioWhittaker). Serum was
obtained by terminal cardiac puncture. All animal care and experimental
procedures were conducted according to guidelines of the Institutional Care
and Use Committee at the University of Texas at San Antonio.

Methods protocols for strain engineering, library construction, transgenic
mouse studies, and biochemical characterization are described in SI Methods.
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