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Fine epitope specificity of antibodies against
interleukin-2 explains their paradoxical
immunomodulatory effects
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The functional dichotomy of antibodies against interleukin-2 (IL-2) is thought to depend upon recognition of
different cytokine epitopes. Beyond functional studies, the only molecular evidence obtained so far located the epitopes
recognized by the immunoenhancing antibodies S4B6 and JES6-5H4 within the predicted interface of IL-2 with the
a receptor subunit, explaining the preferential stimulation of effector cells displaying only B and +y receptor chains. A
consistent functional map of the epitope bound by the immunoregulatory antibody JES6-1A12 has now been delineated
by screening the interactions of phage-displayed antigen variants (with single and multiple mutations) and antigen
mimotopes. The target determinant resides in a region between the predicted interfaces with o and B/y receptor
subunits, supporting the dual inhibitory role of the antibody on both interactions. Binding by JES6-1A12 would thus
convert complexed IL-2 into a very weak agonist, reinforcing the advantage of T regulatory cells (displaying the high
affinity o3y heterotrimeric receptor) to capture the cytokine by competition and expand over effector cells, ultimately
resulting in the observed strong tolerogenic effect of this antibody. Detailed knowledge of the epitopes recognized by
anti-IL-2 antibodies with either immunoenhancing or immunoregulatory properties completes the molecular scenario
underlying their use to boost or inhibit immune responses in multiple experimental systems. The expanded functional
mapping platform now available could be exploited to study other interactions involving related molecular pairs with

Abbreviations: aa, amino acid; ELISA, enzyme-linked immunosorbent assay; hIL-2, human IL-2; IL-2, Interleukin-2; IL-2R,
Interleukin-2 receptor; IU, international units; mAbs, monoclonal antibodies; mIL-2, mouse IL-2; PBS, phosphate-buffered saline;

the final goal of optimizing cytokine and anti-cytokine therapies.

Introduction

The dual role of IL-2 as a master regulator of immune
responses, promoting either tolerance or immunity depending
on the context,"? has added complexity to the translation of
the extensive basic knowledge about this cytokine into clinical
benefit for patients.’ The net effect of IL-2-based therapies is the
result of the balance between its interactions with different cell
populations within the immune system and the whole organism.*

Since the description of a clear functional dichotomy
of immune complexes formed between IL-2 and different
monoclonal antibodies (mAbs),’ the use of such complexes has
expanded to multiple experimental settings for either enhancing
the effector responses®” or down modulating immunity.'**
Besides the therapeutic potential of these approaches," immune
complexes highlight different features of IL-2 biology. Their
divergent, but potent, activities have been interpreted as reflecting
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the ability of particular mAbs to mask specific IL-2 functions,
allowing other roles to be fully evident. Selective functional
blockade has been anticipated to depend upon recognition of
diverse epitopes and subsequent inhibition of the interactions
with the different subunits within the multi-chain IL-2 receptor
(IL-2R).> Despite the wide use of IL-2-containing immune
complexes and the biological and practical implications derived
from such experience, the molecular bases of their actions remain
largely unexplored.

Our recent epitope mapping studies® provided for the first
time molecular support to the prediction thatimmunostimulatory
mAbs S4B6 and JES6-5H4 recognize antigenic determinants
on mouse IL-2 overlapping with the interface with the
a receptor subunit’ Because the identity of the epitope
recognized by an antibody with opposite biological functions
(the immunoregulatory JES6-1A12 mAb) was not known,
delineation of a whole picture of the molecular phenomena
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Figure 2. Competition between mAbs for binding to mouse IL-2.
Polyvinyl chloride microtiter plates were coated with anti-mIL-2 mAbs at
2.5 pg/mL. Diluted purified phages displaying mIL-2 (10" viral particles/
mL) were incubated on coated wells, after pre-incubating them in the
presence or absence of competitor antibodies in solution at 100 pg/mL.
9E10 mAb was also used as a control non-competitor antibody recogniz-
ing the c-myc tag fused to IL-2 molecules in our display system. Bound
phages were detected with an anti-M13 mAb conjugated to horserad-
ish peroxidase. Arrows indicate cross-competition between the different
antibodies. Cross-competition was defined as the decrease in capture by
a given antibody (by more than 50%) after incubating phage-displayed
mlL-2 with a second antibody in solution.

O

0.45
04
0.35
0.3
0.25
0.2
0.15
0.1
0.05
o A .
0.0001 0.001 0.01 0.1 1
c(mAb) (ug/ml)

Abs 540nm — Abs 630nm

10

-@-9E10

-0—-1A12

—a&—5H4

~0-S4B6

Figure 1. CTLL-2 cell proliferation induced by phage-displayed mouse
IL-2. 10* cells/well were incubated with serial dilutions of purified phage
preparations displaying either mIL-2 or an unrelated scFv antibody frag-
ment (A) and soluble in vitro refolded recombinant miL-2 (B) during
48h. Phages were diluted to reach equivalent levels of phage-displayed
proteins (measured in units/mL in a previous ELISA using the anti-c-myc
9E10 mADb as coating antibody). Alamar blue dye was added to the cells
and, after 12h incubation, the absorbances at 540 and 630 nm were mea-
sured. (C) In order to assess the effects of neutralizing anti-mIL-2 mAbs
in this system, increasing concentrations of purified JES6-1A12, JES6-5H4
and S4B6 mAbs were added during the incubation of a sub-saturating
concentration of phage-displayed miL-2 with the cells. 9E10 was used as
a control non-neutralizing mAb recognizing the phage-displayed mlIL-2

through the c-myc epitope fused to its C-terminal end.

274

underlying the divergent biological effects of IL-2-containing
immune complexes has not been possible. The current work
locates the JES6-1A12 epitope in the middle region between the
interfaces with a and /v IL-2R subunits, supporting the dual
inhibitory role of the antibody on both interactions. This model
is consistent with the observed biological effects of the antibody.

Convergent results obtained through different experimental
approaches (extensive single and multiple mutagenesis of phage-
displayed mlL-2, epitope grafting on human IL-2, peptide
selection from a random library, and direct binding assays)
allowed a clear molecular definition of the JES6-1A12 functional
epitope. The available epitope mapping platform was thus
expanded and could be used to map multiple interactions within
the complex network established by IL-2 and related cytokines,
contributing to the understanding and optimization of cytokine
and anti-cytokine therapies.

Results

Phage-displayed mouse IL-2 was shown to be biologically
active

Phage-displayed mouse IL-2 (mIL-2) was the basic molecule
used in our epitope mapping strategy, both for binding assays
involving the wild-type protein and for the construction of new
mutated variants. Although the antigenicity of mIL-2 in this
format had been extensively shown,” an additional quality control
criterion was introduced in the current work. Phage-displayed
mIL-2 was shown to be biologically active, as proven by its ability
to induce the proliferation of the IL-2-dependent CTLL-2 cell
line, in contrast with phages displaying an unrelated single chain
Fv antibody fragment (scFv), which were totally inert in the same
experiment (Fig. 1A). The c-myc tag fused to the C-terminal
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end of every displayed protein in | mIL-2: APTSSSTSSSTAEAQQQQQQQQQQQQHLEQLLMDLOELLSRMENYRNLKLPRML 54
our system provided a simple way
to measure their relative levels by hIL-2: APTSSS----TKKTQL----—-—----- QLEHLLLDLOMILNGINNYKNPKLTRML 40
ELISA with the anti-tag 9E10 mAb,
allowing use of equivalent amounts
of each Phage_disp]ayed protein mIL-2: TFKFYLPKQATELKDLQCLEDELGPLRHVLDLTQSKSFQLEDAENFISNIRVTVVK 110
(measured in arbitrary units/mL) in
the proliferation assay Takmg into hIL-2: TFKFYMPKKATELKHLQCLEEELKPLEEVLNLAQSKNFHLRP-RDLISNINVIVLE 95
account that between 1-10% of the
filamentous phage particles display
a single copy of the heterologous | MIL=2: LKGSDNTFECQFDDESATVVDFLRRWIAFEOSIISTSP 148
?Olzcule n I:mEIar phagemid- | ;. LKGSETTFMCEYADETATIVEFLNRWITEQSITSTLT 133
ased systems,'® the concentration
of phage-displayed mIL-2 inducing
half-maximal cell proliferation could Figure 3. Sequence alignment of mouse and human IL-2. Eight discrete segments of mIL-2 covering all
be roughly estimated to be between thgdifferences between Ic.>oth molecules (selected for partial hu'manization) are underlir’ned.The first two
0.6 and 6 pmol/L. Control in vitro residues (Ala-Pro, shown in gray) are absent from the phage-displayed molecules. Residues Cys140 and
'f lded p bi ’ 1122 induced Cys125 (unpaired Cys) in mouse and human IL-2 respectively were replaced by Ser (shaded in gray).
refolded recombinant mIL-2 induce

half-maximal proliferation at 20

pmol/L (Fig. 1B). The above described assay was a very stringent
test of the proper overall folding of the molecule and showed
that its ability to bind the receptor in a natural context and to
deliver cell signaling was preserved after periplasmic expression
and attachment to phage particles. Although similar results
had been obtained for human IL-2," this is the first time to
our knowledge that phage-displayed mouse IL-2 is shown to be
functional.

Inhibition of cell proliferation induced by phage-displayed
mlL-2 by the three neutralizing anti-mIL-2 mAbs under study
(Fig. 1C) served two purposes. Besides providing further
confirmation of the specificity of the effects of the phage-
displayed cytokine on CTLL-2 cells, the blocking activity of
the antibodies could be directly compared on cells having the
heterotrimeric IL-2R. Remarkably, the neutralizing ability
of S4B6 and JES6-1A12 mAbs (immunostimulatory and
immunoregulatory in vivo, respectively) was similar and higher
than the one displayed by a second immunostimulatory mAb
(JES6-5H4). Such behavior could depend upon their relative
affinities because S4B6 and JES6-5H4 have been shown to have
closely related fine specificities.”” The absence of inhibitory effects
of increasing concentrations of 9E10 mAb, which recognizes
the phage-displayed IL-2 through the c-myc epitope fused to its
C-terminal end, ruled out any non-specific interference related to
the use of the bulky viral particles in neutralization experiments.

Competition assays defined two different antigenic regions
on mlL-2 for immunoenhancing and immunoregulatory
antibodies

Direct competition enzyme-linked immunosorbent assay
(ELISA) experiments between coating mAbs and mAbs in
solution for binding to phage-displayed mIL-2 resulted in a clear
pattern of cross-competition between the two immunoenhancing
antibodies S4B6 and JES6-5H4 (Fig. 2). This was consistent
with their well-known shared biological effects’ and with
previous molecular evidences of a large overlap between their
target epitopes.” On the other hand, the immunoregulatory
mAb JES6-1A12 was not able to inhibit mIL-2 capture by the
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two other antibodies and its binding was not inhibited by a large
excess of any of them (Fig. 2), indicating that the two classes
of antibodies recognize different antigenic regions on mlIL-2
surface. Lack of competition between JES6-1A12 and S4B6
mAbs had been previously described,’ based on their behavior in
a sandwich ELISA. The specificity of competition effects in our
display system was confirmed by the absence of any inhibitory
effect of the 9E10 mAb.

While competitor $4B6 and JES6-1A12 mAbs in solution
fully abolished binding to mAbs-coated ELISA microplates,
JES6-5H4 only produced partial inhibition even at the maximal
tested concentration (100 pg/mL). This finding supported
the idea of a relatively lower affinity of this antibody and was
consistent with its lower neutralizing ability in cell proliferation
assays. All the above described results pointed to shared biological
effects of S4B6 and JES6-5H4 mAbs’ being determined by
similar recognition specificities regardless of divergent affinities.

Screening of partially humanized mIL-2 variants highlighted
a region involved in recognition by the immunoregulatory
antibody JES6-1A12

Despite the lack of cross-reactivity of JES6-1A12 with human
IL-2, the individual replacement of every solvent-exposed
amino acid by its human counterpart had previously failed to
highlight any residue as contributor to epitope formation. This
was in sharp contrast with the success to identify the epitopes
recognized by other non-cross-reactive anti-IL-2 antibodies using
this methodology.”® The absence of cross-reactivity in the case
of JES6-1A12 mAb could be the net result of several sequence
differences between human and mouse IL-2, each one resulting
in a minor effect difficult to underscore with single mutated
variants. This idea led to the design of an alternative mapping
strategy, also based on phage display and extensive mutagenesis
of the whole antigen, but distinguished by the simultaneous
introduction of multiple human residues in a selected region of
the predicted mIL-2 structure. Eight discrete mIL-2 segments,
covering all the differences between IL-2 from both species
(Fig. 3), were thus separately humanized in order to determine
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Table 1. Phage-displayed variants of mouse IL-2 containing humanized segments

Variant Targeted miL-2 Original mIL-2 sequence Final humanized sequence
segment
1 S8-H27 SSSTAEAQQQQQQQQQQQQH KKTQLQ
2 Q30-E43 QLLMDLQELLSRME HLLLDLOM(LDLN(RG)(MN
3 R46-P51 RNLKLP KNPKLT
4 L60-D69 LPKQATELKD MPKKATELKH
5 D75-T87 DELGPLRHVLDLT EELKPLEEVLNLA
6 E95-K110 EDAENFISMIRVTVVK RPRD(FL)ISNINV(TDVLE
7 D115-S126 DNTFECQFDDES ETTFMCEYADET
8 V129-A138 VVDFLRRWIA (VDVEFLNRWIT

Phage-displayed humanized miL-2 variants were constructed by replacing targeted segments in miL-2 by the corresponding sequences of hiL-2. Amino
acids in the mutated variants that differ from the original mIL-2 ones are shown in bold and underlined. All residues with predicted solvent-exposed side
chains (> 20% RSA) that differ between both species within a given segment were substituted. Non-exposed residues (< 20% RSA) were replaced by an
equimolar mixture of the original mIL-2 aa and its human counterpart (indicated between parentheses), giving rise to mini-libraries of partially humanized

variants.
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Figure 4. Recognition of IL-2-derived mutated variants by monoclonal antibodies. The antigenicity of IL-2-derived variants with multiple mutations was
tested by ELISA. Phages displaying the mutated molecules were rescued at a 96-well scale. Polyvinyl chloride microtiter plates were coated with anti-
IL-2 mAbs and the control 9E10 mAb. Diluted phage-containing supernatants (10" viral particles/mL) were incubated on coated wells. Bound phages
were detected with an anti-M13 mAb conjugated to horseradish peroxidase. Phage-displayed wt mouse and human IL-2 were included as positive and
negative controls respectively. The presence of the desired replacements, as well as the absence of undesired mutations along the rest of the gene, was
confirmed by sequencing. (A) Discrete segments within the phagemid-inserted mIL-2 gene were humanized through Kunkel mutagenesis. Eight non-
overlapping segments were modified, while an additional partially humanized variant (¥) arose as a mutagenesis artifact. The names of the humanized
variants (hum) indicate the limits of the humanized segment in each one. Arrows indicate the lack of specific reactivity of a particular mIL-2 variant with
a given antibody. (B) The segment E37-P51 of mIL-2 was grafted on the hlL-2 scaffold to recapitulate the JES6-1A12 mAb epitope. Anti-hIL-2 mAbs (IL-2.1
and IL-2.2) were used to detect the human scaffold displayed on filamentous phages.

their contributions to JES6-1A12 epitope formation (Table 1).
In five of these segments, all the targeted residues were solvent-
exposed (>20% relative solvent accessibility, RSA), being able
to form clusters directly interacting with the antibody, and
humanization implied replacement by their human counterparts.
The remaining three segments also contained residues with
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non-exposed side chains that differ from human IL-2. The latter
could affect the antigenicity by disturbing the relative orientation
of the contiguous solvent-accessible amino acids (aa), or have
a longer-range effect on epitopes that are not so close through
changes in the core of the molecule. To distinguish between
the two possibilities, these three segments were humanized to
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Table 2. Effects of individual mutations on recognition of mouse IL-2 by JES6-1A12 mAb

Effect of replacements
Targeted miL-2 residue
Tolerated Partially tolerated Non-tolerated
Met 33 F I L* PR - -
GIn36 GLMT pix )
Glu 37 G,H, I L M*TV C p**
Ser 40 A EFLNYRTVY - C, p**
Glu 43 L, N* S G LWY C PR
Asn 44 Q GT A D FKLPRV,W
Tyr4s D,EH,K LM = p
Arg 46 K* \% AD,GILPQSTY
Asn 47 CPQRTY - -
Leu 48 C,P* RS WY - -
Leu 50 AMPT - -
Pro 51 A H,T* - -
Lys 90 H,L, PR W - -
GIn 93 AE G H*KLT - -

Individual positions within the mIL-2 gene were randomized through Kunkel mutagenesis. Phages displaying diverse mlL-2-derived mutated variants
were rescued at a 96-well scale. ELISA screening of phage-containing supernatants was used to evaluate their recognition by anti-mIL-2 mAbs. Protein
sequences of the variants were deduced after sequencing phagemid-inserted genes. Mutated variants showing relative reactivities below 50% with
JES6-1A12 mAb (compared with wt phage-displayed mlL-2) were considered to display non-tolerated replacements. Those substitutions resulting in reac-
tivity levels between 50-75% and above 75% were classified as partially tolerated and tolerated, respectively. Residues shown to have an individual con-
tribution to JES6-1A12 epitope formation are contained in the grey box. *Replacements by the equivalent residues in human IL-2. **Substitutions that also

resulted in total or partial reactivity loss toward JES6-5H4 or S4B6 mAbs.

different degrees by constructing mini-libraries of variants where
all the predicted solvent-exposed residues were replaced by their
human counterparts, while some aa predicted to be non-exposed
were substituted by an equimolar mixture of the original mIL-2
residue and its human equivalent (Table 1).

ELISA screening of all the humanized phage-displayed
variants revealed that the introduction of human residues in two
contiguous segments of mIL-2, Q30-E43 and R46-P51, resulted
in loss of recognition by JES6-1A12 mAb (Fig. 4A). When the
first segment was targeted, reactivity was totally abolished, while
humanization of the second one led to a large reactivity decrease
(by more than 90%). The effect was specific for this antibody
and not due to the lack of protein display on viral particles or
to any global folding defect caused by mutations, since the
immunoreactivity with 9E10 mAb (recognizing the c-myc tag
peptide fused to the carboxy-terminus of IL-2 molecules in our
display system), and with S4B6 and JES6-5H4 anti-mIL-2
mAbs, was preserved in every case. There were no differences
between the reactivity of the variants within the mini-library of
partial/total humanization of the segment Q30-E43, indicating
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that at least some accessible residues within this segment (which
were humanized in all the variants) contribute to epitope
formation. The fortuitous appearance of a variant not recognized
by JES6-1A12 mAb, in which only the segment comprised
between E37 and E43 had been humanized (probably arising
from a mutagenesis artifact), allowed narrowing the antigenic
region recognized by the antibody.

Lack of recognition of mIL-2 variants including humanized
segments D75-T87 and DI115-S126 by JES6-5H4 mAb
(Fig. 4A) matched with the presence of individually critical
residues contributing to the formation of its epitope in each of
these segments,” and confirmed the accuracy of our mapping
strategy based on molecules harboring multiple mutations. The
fact that there was no overlap between the effects of humanizing
mlL-2 regions on recognition by immunoenhancing and
immunoregulatory mAbs was totally consistent with the lack of
competition between them.

Unlike for JES6-5H4, none of the partially humanized
variants lost reactivity toward the competitor S4B6 mAb. This
was not surprising because three of the solvent-exposed residues
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Figure 5. Location of the antigenic regions recognized by immunoen-
hancing and immunoregulatory antibodies on mouse IL-2. The pre-
dicted 3D structure of mIL-2 is represented in white as a cartoon with
semi-transparent surface. Residues belonging to functional epitopes are
labeled. The functional epitope recognized by the immunoregulatory
antibody JES6-1A12 is colored red. Residues contributing to the forma-
tion of the overlapping epitopes recognized by the immunoenhancing
antibodies JES6-5H4 and S4B6 are highlighted in orange, while addi-
tional residues involved only in recognition by JES6-5H4 mAb are shown
in blue. The figure was generated with Pymol.

contributing to the formation of the epitope recognized by S4B6
(Y59, E74, and E76) are conserved between human and mouse
IL-2, while the two other critical aa, D75 and F122, were fully
functionally replaced by the residues present at the equivalent
positions of hIL-2 (Glu and Tyr)."” The case of S4B6 illustrates
the difficulties in associating the lack of cross-reactivity of
some antibodies with differences in a single, or even in a few
neighboring, critical aa. Species specificity in such cases could be
related to global folding differences and to long-range cooperative
effects of multiple sequence variations. This fact has practical
implications: inter-species mutagenesis scanning is not always
useful to locate a putative target region to start mapping. The
functional map of S4B6 epitope was indeed revealed through the
exploration of an antigenic region previously defined for another
(competitor) mAb, JES6-5H4.”

Successful recapitulation of JES6-1A12 mAb binding by
grafting a mouse IL-2 segment on human IL-2 confirmed the
relevance of the identified antigenic region

To further confirm the identity of the antigenic region
identified as relevant for JES6-1A12 recognition of mIL-2, an
additional gain-of-function experiment was performed. Grafting
the previously identified mIL-2 segment (E37-P51) into the
hIL-2 scaffold allowed the reconstruction of the epitope on
the previously non-reactive human molecule (Fig. 4B). The
resulting chimeric protein was still non-reactive with the two
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Figure 6. Direct inhibition of the interaction between mouse IL-2 and IL-2
receptor a chain by anti-mlL-2 antibodies. Polyvinyl chloride microtiter
plates were coated with soluble receptor « chain at 2.5 pg/mL. Diluted
purified phages displaying mIL-2 (10" viral particles/mL) were incubated
on coated wells, after pre-incubating them in the presence or absence
of competitor antibodies in solution at 1 ug/mL. 9E10 mAb was used as
a control non-competitor antibody (recognizing the c-myc tag fused to
IL-2 molecules in our display system). Bound phages were detected with
an anti-M13 mAb conjugated to horseradish peroxidase. Arrows indicate
inhibition of mIL-2 binding to the immobilized « chain.

other anti-mIL-2 mAbs and properly recognized by anti-hIL-2
mAbs (IL-2.1 and IL-2.2). All these control antibodies bind to
regions in mouse/human IL-2 far from the segment involved in
grafting,"” and were useful to confirm the specificity of epitope
recapitulation. On the other hand, individual replacement of
each human residue within the selected segment by its mouse
counterpart did not result in any detectable reactivity. The above
described results highlighted the contribution of the mIL-2 E37-
P51 segment as a whole to the formation of the epitope recognized
by JES6-1A12 mAb.

Site-directed mutagenesis delineated a detailed picture of
the epitope recognized by JES6-1A12 antibody

While molecules with multiple mutations were useful to define
a broad antigenic region involved in recognition by JES6-1A12
mAb, the above described experiments did not shed light on the
contribution of individual residues to the interaction. The observed
reactivities were the net result of introducing several simultaneous
changes. Screening of molecules with individual replacements
within this antigenic region, not limited to positions that are
different between mouse and human IL-2, would reveal details
of the epitope. Since the effects of diverse conservative and non-
conservative substitutions can be drastically different, depending
on the precise nature of the interactions contributing to epitope
formation, each position within the whole antigenic region (E37-
P51) was comprehensively scanned by randomization (Table 2).
Despite the potential emergence of 19 different replacements
at each targeted position, the amount of characterized mutated
variants was lower due to the overrepresentation of some
substitutions within randomization products, the deleterious
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effects of other mutations on protein display (assessed with the

anti-tag mAb), and the fortuitous appearance of additional
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Figure 7. Relative location of the epitopes recognized by anti-IL-2 anti-
bodies and the predicted mouse IL-2 receptor interfaces. The surface of
mouse IL-2 is shown in white and residues belonging to functional epit-
opes are labeled. The interfaces with the different receptor chains were
predicted on the bases of the available knowledge about the structure
of the complex between human IL-2 and its multi-chain receptor, and
the structural alignment between human and mouse IL-2. Overlapping
between the predicted a chain interface and the functional epitope(s)
recognized by the immunostimulatory antibodies JES6-5H4/S4B6 is
shown in panel (A). mIL-2 residues in contact with both these antibodies
and the a chain are colored green. The rest of the a chain interface is rep-
resented in yellow, while additional residues contributing to JES6-5H4
epitope formation are shown in blue. Location of the JES6-1A12 func-
tional epitope (adjacent to both « and B/y chain interfaces) can be
appreciated in panel (B). Residues in the B and <y chain interfaces are
colored cyan and magenta respectively, and the epitope recognized
by JES6-1A12 is represented in red. Panel (C) highlights with a dashed
line the putative contact area of mlL-2 with JES6-1A12 mAb (surround-
ing the residues involved in functional epitope formation). Overlapping
between this region (presumably buried in the immune complex with
JES6-1A12) and both « and +y chain interfaces can be appreciated. The
figures were generated with Pymol.

mAbs

undesired changes (mutations, deletions, insertions) in some of
the variants. However, the number and diversity of characterized
replacements allowed the definition of tolerance/sensitivity
patterns to modifications at each position, overcoming the
limitations of a conventional alanine scanning. The exploration
was restricted to solvent-exposed residues (>20% RSA) presumed
to establish direct interactions with the antibody. The antigenic
region to be scanned was broadened to include the flanking
solvent-exposed residues M33 and Q36. While the initial
mapping step (humanization of continuous mlIL-2 segments)
dismissed the cooperative effects on binding of residues distant in
the primary sequence, but close in the 3D structure, site-directed
randomization in the search for individual contributions also
included two residues located in the spatial neighborhood (<8A)
of the segments already shown to be relevant, although far from
them in the primary sequence (K90 and Q93).

Antigenicity screening revealed two critical residues whose
substitution by many other aa was enough to cause a drastic
loss of recognition by JES6-1A12 mAb: Asn 44 and Arg 46
(Table 2). The acceptance of only Gln and Lys at positions
44 and 46, respectively, without decreasing antigenicity,
underscored the critical side chain features directly involved in
mlL-2 recognition by JES6-1A12 mAb. Both an amide moiety
at position 44 and a positively charged group at position 46
are required for binding. An additional adjacent residue (Glu
43) also contributes to epitope formation, although to a lesser
extent, since its replacement only caused a moderate antigenicity
decrease (between 50 and 75% of the original reactivity was
kept) in some cases. It is noteworthy that substituting this
residue by the oppositely charged Arg (presumably creating
a non-favorable electrostatic context at the interface) had an
even greater effect on reactivity. The same happened with
the replacements by Cys and Pro, which could cause the
formation of non-natural disulfide bridges and the distortion
of the backbone, respectively, resulting in additional changes
in the vicinity of the epitope (Table 2). Position 45 in mIL-2
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could be occupied by diverse aa with very different properties
(Table 2) without affecting antigenicity, despite being located
between the two critical residues contributing to epitope
formation. The orientation of Tyr 45, whose side chain points
to an opposite direction compared with the ones of the flanking
residues according to our structural model,” is consistent with
the lack of a major individual contribution of this residue to
the interaction. Tyr 45 side chain is indeed buried from the
solvent, and was included in the screening only because of its
close vicinity to the previously identified critical residues. Pro
was the only aa able to disrupt binding when introduced at this
position of mIL-2, presumably due to main chain structural
constraints that disturbed the relative orientations of the two
flanking critical residues (Asn 44 and Arg 46). All the above
described mutations affected specifically the JES6-1A12 epitope
because the variants displaying changes at these positions were
well recognized by JES6-5H4 and S4B6 mAbs (>75% reactivity
compared with phage-displayed wt mIL-2).

The fact that many residues within the explored antigenic
region (either contained in the segment E37-P51 or spatially
located in its close vicinity) had no detectable individual
effects on reactivity (Table 2), did not rule out multiple minor
contributions among them that influence antigenicity as a
whole. Actually, such cooperative influence should be expected,
given the drastic effect of introducing multiple replacements
in the segments E37-E43 and R46-P51. These additional
contributions would thus modulate the binding mediated by
the individually critical residues Asn 44 (conserved between
human and mouse IL-2) and Arg 46 (replaced by a Lys fully
compatible with the interaction in the human molecule),
resulting in the observed lack of cross-reactivity. The few
examples of individual mutations at the surrounding positions
causing a marked antigenicity decrease were limited to the
introduction of Cys and Pro (Table 2), which could disturb
the folding of the protein besides affecting the epitope itself.
Some of them were indeed able to affect recognition by both
JES6-1A12 and the non-competitor immunostimulatory
mAbs, indicating a general effect on the antigen folding rather
than specific epitope disruption.

The location of the cluster of residues that contribute to the
formation of the epitope recognized by JES6-1A12 mAb is shown
in Figure 5. They are far from the antigenic region comprising the
overlapping epitopes previously defined for the immunoenhancing
S4B6 and JES6-5H4 mAbs.” Recognition of two different
antigenic regions by antibodies with divergent biological activities
supported a role for fine specificity in the in vivo outcome of IL-2
binding by them, as it had been previously proposed.®

Peptides selected from a random phage-displayed library
showed a common motif resembling the functional epitope
recognized by JES6-1A12 mAb

Additional information about the nature of the epitope
recognized by JES6-1A12 mAb was obtained through selection
of antigenic mimotopes from a phage-displayed random peptide
library. A recurrent tripeptide motif (Q/N)X(R/K) was found in
44 of 47 unique peptides selected on JES6-1A12. This common
motif was located in different positions along the 10-mer peptide
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sequences. The first motif position was predominantly occupied
by Gln (34/44), while the ten remaining peptides contained Asn.
The middle position (X) was quite variable, with Leu being the
most frequent residue (found in 20 of the 44 (Q/N)X(R/K)-
containing peptides), followed by Ile (5/44), Met (5/44), Val
(3/44), Cys (2/44), and Ala, Phe, Trp, Tyr, Thr, Glu, Gln, Lys,
or Arg (each one represented only once). Despite the preferential
selection of hydrophobic residues at this position in the peptide
context, the acceptance of aa with widely divergent chemical
and physical properties indicated that the critical interactions
underlying peptide selection by JES6-1A12 are restricted to Gln/
Asn and Arg/Lys. The third position displayed almost exclusively
Arg (43/44), although one peptide exhibited Lys instead.

Random peptide selection on antibodies, although routinely
used for epitope mapping,” does not always result in the
isolation of peptides that resemble the nominal antigen.?*
Peptide mimotopes could establish totally new interactions with
the selector paratope compared with the nominal antigen,*
resulting in antigenic mimicry in the absence of structural or
even functional similarities between their binding modes. In the
case of anti-IL-2 antibodies, mixed results have been obtained.
While the identity of one hIL-2 epitope predicted on the basis
of peptide library screening was confirmed by the more reliable
characterization of mutated antigen variants (IL-2.2 mAb), the
set of peptides selected on another anti-hIL-2 mAb (IL-2.1) led
to misidentification of its epitope.”?? On the other hand, library
screening with S4B6 resulted in a set of binding peptides without
obvious similarities, neither between them, nor with the target
antigen (unpublished results). In this complex scenario, the fact
that the peptide motif selected on JES6-1A12 closely resembled
the most critical antigen features contributing to epitope
formation is particularly remarkable. The sequence (Q/N)
X(R/K) was able to mimic the segment NYR in mIL-2 (positions
44-46). The coexistence of Asn/Gln and Arg/Lys in the first
and third positions of the peptide motif was fully consistent with
the acceptance of amide-containing and positively charged side
chains at positions 44 and 46 of mIL-2, respectively (Table 2).
The high variability at the middle motif position among peptides
selected on JES6-1A12 mAb was in good agreement with the
wide tolerance of replacements at mIL-2 position 45. Pro, which
was the only aa able to disrupt binding when introduced in this
location, was not found among the selected peptides.

The above described peptide selection experiments supported
the direct involvement of Asn 44 and Arg 46 in binding of
JES6-1A12 mAb to mIL-2. The coincidence of the critical
motif identified through peptide mimicry with the one defined
by site-directed mutagenesis on the native antigen confirmed
the accuracy of our mapping studies. Despite the limitations of
peptide library screening as an independent epitope mapping
procedure, its combination with other experimental approaches
can reveal molecular details of the interaction, as in the case of
JES6-1A12 mAb.

Both immunoenhancingand immunoregulatory antibodies
inhibit binding of mouse IL-2 to IL-2 receptor a chain

Beyond the mere identification of the epitopes recognized
by anti-IL-2 mAbs, the most relevant output of mapping
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studies would be the description of the functional consequences
of their binding for the complex interaction between IL-2
and its multi-chain receptor. The availability of biologically
active soluble mouse IL-2R « chain allowed us to test the
ability of neutralizing mAbs to block the interaction between
IL-2 and this particular receptor chain. The fact that the
immunoenhancing antibodies JES6-5H4 and S4B6 totally
abolished IL-2/IL-2R a chain interaction (Fig. 6) was fully
consistent with their anticipated role as selective inhibitors of
IL-2 binding to this chain constitutively present in T regulatory
cells.’ This blocking effect also matched with recent mapping
studies® that located the relevant residues contributing to the
formation of their epitopes within the region of mouse IL-2
predicted to interact with the IL-2R a chain (Fig. 7A).

Remarkably, the immunoregulatory mAb JES6-1A12 was
also a potent inhibitor of the interaction with the isolated a
chain (Fig. 6). Although this finding is in contrast with the
first speculations about selective blocking of interactions with
B chain by immunoregulatory antibodies,’ it is not difficult
to understand from a molecular point of view because the
cluster of residues shown to be relevant for mIL-2 recognition
by JES6-1A2 in the current study lies in the region between
the predicted interfaces with a and B/7y chains of the receptor
(Fig. 7B). The antibody could thus inhibit the interactions
at both interfaces by virtue of steric hindrance. Figure 7C
highlights the putative contact region between JES6-1A12
mADb and its target antigen. This area was proposed taking
into account the location of mIL-2 residues involved in epitope
formation (E43, N44, and R46) and the usual extension of
the interfaces between antibodies and protein antigens, having
between 600 and 900 A2 contact areas.>*?¢ Arg 46 is adjacent
to the a chain receptor interface residues, particularly to Leu
48. Glu 43 is very close to the gamma chain interface (mainly
to Gln 36, Val 130, and Arg 134). Residues from both o and
v chain receptor interfaces of mIL-2 are thus included in the
putative contact area that should be buried in the complex with
JES6-1A12, providing a structural rationale for the observed
dual inhibition. Our results did not support the simplest view
of different classes of antibodies blocking binding to either a
or B/y chains alone. However, they provided the first clues
to molecular dissection of biological activity of different
antibodies on IL-2/IL-2R interaction, and strongly supported
the idea of a link between anti-IL-2 antibodies fine specificity
and functional effects.’

Discussion

The differential ability of anti-IL-2 mAbs in immune
complexes to either boost or inhibit immune responses has been
anticipated to depend upon selective blockade of IL-2 binding
to the receptor a chain (constitutively present in T regulatory
cells) or to B/y receptor subunits.’ The latter subunits form
the intermediate affinity receptor on effector CD8+ T cells
and NK cells, and are also components of the high affinity
heterotrimeric receptor on T regulatory cells (together with the
a chain). Speculations about such preferential blocking effects
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have been raised based on functional studies’ and are supported
by the recent mapping of the epitopes recognized by the
immunoenhancing antibodies JES6-5H4 and S4B6.5 Residues
contributing to the formation of their epitopes are located on
a surface patch of mIL-2 that is predicted to contact directly
the receptor a chain, being far from the interfaces with  and
v chains. The prediction was based on the current knowledge
about the structure of the human IL-2/IL-2R complex®”*
and the structural alignment between IL-2 from both species.
Binding by this kind of antibody would thus impair the
ability of IL-2 to stimulate preferentially T regulatory cells
(due to the presence of the high affinity afy heterotrimeric
receptor on them), while leaving unaffected its potential to
induce the expansion of CD8+ T cells and NK cells through
the heterodimeric By receptor. This interpretation of mapping
results is fully consistent with the finding that the activity of
immunoenhancing IL-2/anti-IL-2 immune complexes in vivo
does not require their dissociation to render free IL-2 and is
even reinforced by a large excess of antibody strongly displacing
the equilibrium to the bound form.? An extreme example of the
bioactivity of the bound form is the recent report of a chimeric
protein including IL-2 and the S4B6 mAb light chain in a
single polypeptide able to bind the S4B6 heavy chain.’® Such
chimera stabilizes the immune complex between IL-2 and the
antibody, because the physical linkage promotes reassociation.
A related, and even more drastic, approach is the use of an
IL-2-derived mutein in which the interface with the chain
was severely disrupted by mutagenesis, resulting in permanent
abrogation of this particular interaction. The mutein is strongly
immunostimulatory and evokes potent antitumor responses.?!
In total, the evidence indicates that masking a particular IL-2
antigenic region by immunoenhancing antibodies (the a chain
interface) would result in functional masking of a crucial
property of IL-2: its ability to promote tolerance,' allowing
its other facet (enhancement of immune responses) to be fully
evident. In such a way, the balance between regulatory and
effector cells would be altered, resulting in exacerbated effector
responses, as has been described for the immunostimulatory
antibody S4B6 in the context of anti-viral vaccination,” and
anti-tumor responses.®’

On the other hand, the simultaneous blockade of the
interactions with o and B/y chains by JES6-1A12 mAb
provides a rationale for its strong immunoregulatory activity
observed in diverse scenarios like autoimmune diseases therapy
and transplantation,’®" and tolerance induction against
therapeutic proteins.'? Such dual inhibition of receptor binding
would result in complexed IL-2 becoming a very weak agonist
with negligible activity on effector cells characterized by the
presence of the intermediate affinity receptor, together with
selective delivery to T regulatory cells that would still be able to
compete with the antibody (due to the extremely high affinity
of the heterotrimeric receptor) and capture IL-2 from immune
complexes. This model explains the weak, but significant,
in vitro stimulation of cells expressing the high affinity afy
receptor, as well as the total abrogation of the response of
CD25" memory phenotype T cells (displaying the dimeric
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By receptor) in the presence of immune complexes formed by
JES6-1A12 mAb and IL-2.5 Despite the observed neutralizing
effects of JES6-1A12, preferential stimulation of T regulatory
cells over effector populations would even be reinforced in vivo.
The proposed model explaining the functional dichotomy of
anti-mIL-2 antibodies based on our mapping results is closely
related, although not identical, to the original one that was
anticipated solely from functional studies.’

Remarkably, the current results are compatible with
theoretical predictions arising from in silico simulations of
therapeutic intervention with different classes of anti-IL-2
antibodies. According to mathematical modeling results,
either mAbs inhibiting IL-2 binding to the receptor B chain or
mADbs blocking the interactions with both a and B/y subunits
would be useful to treat autoimmunity.*> On the other hand,
our results argue against an alternative interpretation of the
functional dichotomy of anti-IL-2 antibodies based on the
idea that immunoregulatory antibodies like JES6-1A12 could
leave exposed the regions of IL-2 that engage IL-2R a, 3, and vy
chains, augmenting the natural tolerance-promoting potential
of IL-2 through a substantial increase of its half-life in immune
complexes, without significantly inhibiting any interaction
with the receptor.?® This possibility was not supported by direct
competition experiments with the a chain in our experimental
system, and is also in contradiction with the total in vitro
blocking activity of JES6-1A12 mAb on CD25 memory
phenotype CD8* T cells.?

The current work differs from previous mapping studies
in several First, mutagenesis experiments were
complemented by direct inhibition assays of IL-2 binding to
the IL-2R a chain. The latter confirmed the proposed blocking
activity of immunoenhancing antibodies and revealed the
unexpected ability of the JES6-1A12 immunoregulatory mAb
to block this particular interaction as well. Even though similar

issues.

direct binding inhibition assays focused on the interaction
between IL-2 and the isolated B and y IL-2R subunits would
challenge the JES6-1A12 dual inhibition idea in a conclusive
way, the repeated failure to detect both interactions in several
experimental formats, presumably due to their lower affinities
(mainly of gamma chain binding)*® precluded the generation of
this kind of data in our hands. However, the direct inhibitory
effect on a chain binding, together with the well-known
neutralizing activity of the antibody on cells having only the
B/y IL-2R subunits,’ gives experimental support to the dual
inhibition notion.

A second difference from previous mapping studies is that
the mIL-2 region previously thought to be important for S4B6
binding (Q26-Y45) was now shown to contribute to the non-
competing antibody JES6-1A12 epitope formation instead. The
explanation for this apparent contradiction should reside in the
fact that this initial study® was performed with deletion variants,
and removal of large segments within the molecule could result
in long-range effects on antigenicity. Our approach, based
on replacing individual residues or discrete sets of aa taking
into account the available structural information, rendered
consistent results that locate the S4B6 epitope on a totally
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different region, which is in agreement not only with the lack of
competition between both antibodies, but also with their in vivo
functions. Immunoregulatory and immunoenhancing activities
of JES6-1A12 and S4B6 antibodies are better explained by the
current results locating their epitopes in a region close to the
interfaces with a and B/y subunits, and in the middle of the
contact region with the a chain, respectively, as it was described
above.

The mapping strategy exploited in the current study is
based on the previously reported methodology used to map
other anti-IL-2 antibodies.” The choice of the phage-displayed
whole antigen as the basic molecule for mutagenesis studies
instead of antigen fragments was due to the versatility of this
approach, which could be useful to explore both linear and
conformational epitopes through the introduction of any array
of mutations located in different regions of the target. The
original procedure was modified to circumvent the failure to
identify individual critical residues for JES6-1A12 recognition.
The first step of the new protocol was to introduce multiple
simultaneous mutations in defined regions of the mIL-2
molecule in order to find a broad antigenic region, which was
subsequently narrowed by randomizing individual positions.
Both strategies are complementary and allow delineating a
detailed picture of the target epitope(s). The current study
thus expands the usefulness of the previously described phage
display-based platform to map the epitopes on IL-2 and related
molecules.” The choice of one or another protocol depends
upon the characteristics of each antigen/antibody pair because
some interactions would be easier to map starting with the
identification of single critical residues, while other cases would
require simultaneous disruption of multiple contacts to locate
an antigenic region to be deeply explored.

Taken as a whole, our mapping platform should allow
determination of the epitopes recognized by other anti-IL-2
IL-2, and
establishment of a global correlation between fine specificity

antibodies, including those against human
and biological effects. Such information would result in the
rational selection of novel antibodies targeting pre-defined
II-2 regions to increase their therapeutic efficacy. Detailed
knowledge of their interactions should shed new light on our

understanding of cytokine and anti-cytokine therapies.

Materials and Methods

Phage display of IL-2

Mouse and human IL-2 were displayed on filamentous
phages as previously described.” Briefly, mIL-2/hIL-2 genes were
cloned into the phagemid vector pCSM (fused to the M13 gene
3), and phage particles displaying the corresponding proteins
were rescued with M13KO7 helper phage on a 50 mL scale and
purified.*

Biological activity of phage-displayed mouse IL-2 on
CTLL-2 cells

Purified phages displaying either mIL-2 or an unrelated scFv,
similarly fused to M13 Protein III, were filter-sterilized. The
amounts of the displayed proteins were estimated by ELISA on
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polyvinyl chloride microtiter plates coated with the anti-tag 9E10
mAb. An anti-M13 mAb conjugated to horseradish peroxidase
(HRP) was used to detect bound phages. An available standard
phage preparation was assumed to have 100 units/mL of the
displayed protein and taken as the reference to calculate the relative
display levels of the other molecules. Both phage preparations
were appropriately diluted to use the same amount of displayed
proteins (measured in units/mL) in the cell proliferation assay.
CTLL-2 cells were grown at 37° C under a humidified 5% CO,
atmosphere in RPMI 1640 (Gibco) supplemented with 10% heat-
inactivated fetal bovine serum, 50 IU/mL of human recombinant
IL-2 (CIGB), 2 mmol/L L-glutamine, 50 u/mL penicillin and
50 pg/mL streptomycin. Before the proliferation assay, cells
were harvested by centrifugation, washed twice with RPMI
without IL-2, and incubated in this medium during 5h. After
that, 10* cells/well were incubated with serial dilutions of the
filtered purified phage preparations diluted in the same medium
during 48h. Cells were separately incubated with diluted control
recombinant mouse IL-2 (specific activity 3 x 10° IU/mg). 20 uL
of Alamar blue dye (Invitrogen) were then added to each well and
the plates were incubated during 12h. The absorbances (Abs) at
540 nm and 630 nm were measured.

To assess the effects of neutralizing anti-mIL-2 mAbs in
this system, increasing concentrations of purified JES6-1A12,
JES6-5H4, and S4B6 mAbs were added during the incubation of
a sub-saturating concentration of phage-displayed mIL-2 (1 unit/
mL) with the cells. 9E10 was used as a control non-neutralizing
mAb recognizing the phage-displayed mIL-2 through the c-myc
epitope fused to its C-terminal end.

Phage ELISA screening of IL-2 interactions

Polyvinyl chloride microtiter plates were coated with anti-
mIL-2 mAbs (JES6-1A12, JES6-5H4 or S4B6), the anti-tag
9E10 mAb, or soluble IL-2 receptor mouse a chain at 2.5 pg/mL
in phosphate-buffered saline (PBS). Plates were blocked for 1h at
room temperature (RT) with PBS containing 4% skim powder
milk (M-PBS). Purified phages displaying mIL-2 or phage-
containing supernatants from deep-well plates (see below), were
diluted in M-PBS and incubated on coated/blocked plates during
2h at RT. For competition experiments only, purified mIL-2-
displaying phages were diluted in M-PBS with or without the
competitor mAbs (at concentrations between 1 pg/mL and 100
pg/mL) and pre-incubated 2h at RT before being added to the
plates. After phage incubation on the plates, they were washed
with PBS containing 0.1% Tween 20 (PBS-T) and an anti-M13
mADb conjugated to HRP (GE Healthcare), appropriately diluted
in M-PBS, was added. Plates were incubated for 1h at RT and
washed. Substrate solution (500 pg/mL ortho-phenylenediamine
and 0.015% hydrogen peroxide in 0.1 mol/L citrate-phosphate
buffer, pH 5.0) was added. The reaction was stopped after 15
min with 2.5 mol/L sulfuric acid. Absorbances were measured
at 492 nm.

Site-directed mutagenesis and randomization

Partially humanized mIL-2 variants (Table 1) were constructed
by site-directed mutagenesis”’ using described procedures.®®
Briefly, single strand DNA (from mIL-2 gene-containing pCSM
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phagemid) obtained from phages produced by the CJ236 E.
coli strain (dut-ung-thi-1 relAl spoT1 mcrA/pCJ105 (F’ camr))
was used as the template. Antisense mutagenic oligonucleotides
included 15 nucleotides complementary to the template at
each end, flanking the region to be modified. Such target
region contained one or more triplets (adjacent or not) to be
replaced to obtain the desired mutations. Degenerate mutagenic
oligonucleotides were used to introduce a mixture of two amino
acids at some positions (Table 1).

Randomization of selected positions resulted in a panel
of additional mIL-2 variants with single mutations. This
was accomplished through the introduction by site-directed
mutagenesis of the degenerate triplet NNK at a given position of
the mIL-2 gene.

The antigenic region E37-P51 (from mlL-2) was grafted
by similar site-directed mutagenesis procedures onto the hL-2
scaffold. The mutagenesis reaction was performed using single
strand DNA from the hIL-2 gene-containing pCSM phagemid
as the template.

Screening and molecular characterization of new IL-2
variants

TGI E. coli cells (K12_(lac-pro), supE, thi, hsdD5IF traD36,
proA*B*, lacld, lacZ_M15) were transformed with mutagenesis
products. Phages displaying the mutated IL-2 variants were
rescued with M13KO?7 helper phage at a 96-well scale.’® Phage-
containing supernatants were used for binding screening by
ELISA as described above. Only those IL-2 variants that were
successfully displayed (as assessed with the anti-c-myc tag 9E10
mADb) were included in any reactivity analysis. XL1-Blue E. coli
cells (recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lacF’ proAB
laclgZ_M15 Tnl0 Tet") were infected with the corresponding
phage-containing supernatants and used to purify plasmid
DNA with the QIAprep Spin Miniprep kit (Qiagen). Phagemid
inserts were sequenced by Macrogen. Protein sequences of phage-
displayed IL-2 variants were deduced from DNA sequences.

Phage-displayed peptide selection on JES6-1A12 mAb

A 10-mer random phage-displayed peptide library (composed
by 10° molecules fused to M13 PVIII) was used. Immunotubes
were coated overnight at 4° C with JES6-1A12 mAb at 10 pg/
mL in PBS. Purified phages (5 x 10" viral particles) rescued
from the library with M13KO7 helper phage as described® and
coated immunotubes were blocked with M-PBS during 1h at RT.
Blocked phages were incubated on blocked immunotubes 1h at
RT. Tubes were washed 20 times with PBS-T and twice with
PBS. Bound phages were eluted with 100 mmol/L triethylamine
during 10 min at RT, and neutralized with 1 mol/L Tris, pH 7.5.
Selected phages were used to infect exponentially growing TGl
cells, rescued and purified. The resulting phage preparations
were used as starting material for a new selection round in the
same conditions.

After two-three selection rounds, phages were individually
rescued in 96-deep-well plates from phagemid—transformed
TG1 colonies as described.*® Phage-containing supernatants
(diluted 1/5 in M-PBS) were tested on JES6-1A12-coated ELISA
microplates as described above. Clones producing Abs values
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above 2-fold those obtained on plates coated with a non-related
control mAb were considered to be positive. XL1-Blue E. coli

cells were infected with the corresponding phage-containing

supernatants and used to purify plasmid DNA to sequence the

phagemid inserts. Peptide sequences were deduced from DNA

sequences.
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