Immunology 1996 89 1-7

In vitro immunization of naive human B cells yields high affinity immunoglobulin G

antibodies as illustrated by phage display

M. DUENAS.* L.-T. CHIN,}, A.-C. MALMBORG, R. CASALVILLA,* M. OHLIN &
C. A. K. BORREBAECK Department of Immunotechnology, Lund University, Lund, Sweden

SUMMARY

In vitro antibody responses to a synthetic immunogen, consisting of both a B cell [V3 loop of gp120
from human immunodeficiency virus type 1 (HIV-1)] and a T-helper epitope (15 amino acids of
tetanus toxoid) was studied. The in vitro activation was performed by primary and secondary in
vitro immunizations, using lymphocytes obtained from uninfected, seronegative donors. Analysis
of the in vitro immune response demonstrated an antigen-specific isotype switch, which was
dependent on the presence of antigen-specific T-helper cells, CD40 ligation and antigen. Antibody
libraries were constructed from cells derived directly from the naive donors, or from primary or
secondary in vitro immunized B cells. Five libraries were displayed on filamentous phage and
selected for anti-V3-specific Fab fragments, using a selection approach that linked recognition and
phage replication. A panel of 19 recombinant antigen-specific Fab, representing different phases of
the humoral in vitro immune response, were sequenced, expressed and analysed using a biosensor.
Recombinant Fab fragments derived from cultures on day 12 exhibited an increase in affinity of
close to two orders of magnitude compared to those obtained from cells primary immunized for 7
days. This study provides the first evidence that an antigen-specific in vitro immune response can
yield high-affinity immunoglobulinG antibodies.

INTRODUCTION

Stimulation of the B-cell surface molecule CD40 by its natural
ligand (CD40L) found on activated CD4% helper T (Th) cells
has been demonstrated to play a critical role in the in vivo
activation of antigen-specific B cells."™* In lymph nodes,
extrafollicularly activated B cells migrate into primary follicles
where they undergo isotype switching, affinity maturation and
antigenic selection. This is morphologically characterized as
germinal centre formation,® although the precise mechanism
and molecules underlying this phenomenon are still not
completely understood. However, CD40L, lymphokines and
follicular dendritic cells have been shown to play a central role
in the germinal centre reactions.®

Attempts to dissect this antigen-specific immune response in
vitro have met with limited success due to difficulties in creating
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an adequate micro-environment outside the human host. We
recently demonstrated that a primary, antigen-specific
immunoglobulin M (IgM) response against the V3 loop of
human immunodeficiency virus type-1 (HIV-1) was enhanced
by using a peptide antigen carrying a T helper cell epitope, thus
recruiting specific T memory cells in vitro.” Furthermore, using
such a peptide immunogen an antigen-specific isotype-switch-
ing could be obtained in the presence of cloned ThO-type T
helper cells.® In the present investigation, we have rescued
primary in vitro immunized human B cells by a secondary set of
signals via CD40 and the antigen receptor as well as by non-
clonal human CD4" T helper cells. The results were evaluated
with antibody library and phage display technologies,’!® which
allowed us for the first time to demonstrate that in vitro
immunization of naive human B cells resulted in the selection of
high affinity variants.

MATERIALS AND METHODS

Cell culture

Cultures of human cells were performed in RPMI-1640,
supplemented with 4mm L-glutamine, 100x non-essential
amino acids (Seralab Ltd., Cramlington, UK), 50um 2-
mercaptoethanol, 50 ug/ml gentamycin (Biological Industries,
Haemek, Israel), and either 10% fetal calf serum (FCS) (Life
Technologies Ltd., Paisley, UK) or 5% pooled human
serum (University Hospital Blood Bank, Lund, Sweden).
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Phytohaemagglutinin (PHA) and staphylococcal enterotoxin A
(SEA) were purchased from Pharmacia AB (Uppsala, Sweden)
and Toxin Technology (Madison, WI), respectively.

Preparation of lymphocytes

Buffy coats from HIV-seronegative healthy donors were
obtained from the University Hospital Blood Bank. Peripheral
blood mononuclear cells (PBMC) were isolated by density
centrifugation on Ficoll-Paque (Pharmacia) and washed twice
in phosphate-buffered saline. To prepare cell populations for
primary in vitro immunization and T-cell stimulation, PBMC
were treated with L-leucyl-L-leucine methylester hydrobromide

(LeuLeuOMe) (Bachem Feinchemikalien AG, Budendorf,

Switzerland), as previously described.!' Briefly, the cells were
incubated with freshly prepared 0-25mm LeuLeuOMe in
RPMI-1640, containing 2% FCS, for 15min at room
temperature. The cells were then washed three times with
medium, containing 2% heat-inactived human serum.

Synthetic peptides and antigen

Two synthetic peptides were used in this study: a 15-mer helper
T-cell epitope of tetanus toxin,'? covering amino acids 830844
(ptt); and a 30-mer peptide containing the helper T-cell epitope
(ptt) linked to the V3 region epitope, covering amino acids 309—
323 of the HIV-1 LAl isolate (pV3) (kindly supplied by Dr B.
Wabhren, Stockholm), yielding the heterotope (ptt-V3). Amino
acids were numbered according to the Database of Los Alamos
Laboratory (Los Alamos, NM). Recombinant pB1,'* a fusion
protein containing most of the C-terminal part of gp120, was a
kind gift from Repligen Inc. (Cambridge, MA).

Primary in vitro immunization and T-cell stimulation

The LeuLeuOMe-treated PBMC were either subjected to a
primary in vitro immunization by 7 nm ptt-V3 (20 ng/ml) to give
pV3-specific IgM-secreting B cells, as recently described,” or
were stimulated by ptt to obtain ptt-specific T cells. For the
generation of such antigen-stimulated T cells, 1x 10° Leu-
LeuOMe-treated cells/ml were cultured in the presence of 10 uM
ptt and 1 x 10® cells/ml of irradiated (4000 rads) autologous
PBMC in 75cm? culture flasks, using medium containing 5%
human serum. The T cells were restimulated twice (day 3 and 5)
by adding 1x10° PBMC/ml and 10um ptt. The T-cell
stimulation cultures were devoid of any exogenously added
lymphokines.

Secondary in vitro immunization

Cultures of primary immunized B cells or antigen-stimulated T
cells were harvested on day 7 by centrifugation (400 g) through
a cushion containing 40% Ficoll-Paque in phosphate-buffered
saline (PBS). CD4" T cells were purified from the T-cell
cultures using anti-CD4-coated M450 magnetic beads followed
by DETACHaBEAD (Dynal International, Oslo, Norway), as
described by the manufacturer. Secondary in vitro immuni-
zation was subsequently performed by a modification of a
previously described method.® Briefly, 10* ptt-stimulated
autologous CD4" T cells or control T cells were co-cultured
for 4 days with 10° primary immunized cells/ml on irradiated
(10000 rads) CD32-transfected fibroblasts in 75 cm? culture
flasks, containing 500 ng/ml anti-CD40 monoclonal antibodies
(mAb; generously provided by Dr S. Pauli, Stockholm) and

7nM ptt-V3 (20 ng/ml) peptide. Control experiments included
cultures where anti-CD40mAb or CD32-transfected fibro-
blasts had been omitted, or where PHA was used as a
polyclonal activator.

Primary or secondary in vitro immunized cells were infected
with Epstein—Barr virus (EBV)® and antigen-specific enzyme-
linked immunosorbent assay (ELISA) for detecting HIV-
specific human antibodies was performed, as previously
described.”

Construction of phage displayed Fab libraries

Five different combinatorial Fab libraries were constructed.
One library was constructed from a mixture of naive B cells
derived from donors A and B. Libraries were also constructed
after each immunization step, using antigen-specific EBV-
infected cultures from each individual donor (A and B). These
libraries were displayed on the surface of MI13 phage,
essentially using the primers described by Marks et al.,'*
including restriction sites for cloning into the pEXmide3
phagemide vector.!®> The cloning procedure was performed
according to Burton et al.'® Briefly, nRNA was prepared from
10> EBV-infected cells and was reverse transcribed, using
specific primers for y, u, ¥ and 4 constant regions. The V region
sequences were polymerase chain reaction (PCR)-amplified and
cloned into the pEXmide3. Recombinant phagemids were
electroporated into Escherichia coli SURE cells, as recently
described.!” The heavy chains were cloned into the vector after
the light chain had been introduced and library sizes of around
10® members over religated vector alone were obtained.

Construction of fusion protein used for the SAP procedure

A fusion protein between the M13 protein 3 and pV3 was
produced using the pEXmide3 vector, which was digested with
Neol and EcoRI.'® The fusion protein gene was assembled by
PCR, using gene 3 as template and a primer encoding the pV3
peptide sequence plus 15 base-pair (bp) complementary to the
3'-residues of gene 3 (corresponding to residues 94-98 of
protein 3). Thus, 5-GGGAATTCTTA AAC GAA AGC ACG
ACC CGG ACC ACG CTG GAT ACG GAT AGA TTT
ACG GGATCC GCC ACC CTC AGA ACC-3' was used as
the downstream primer and a primer complementary to the 5’
end of gene 3 was used as the upstream primer: 5'-
GGCCATGG CCG TGA AAA AAT TAT TAT TCGC-3'.
These primers introduced restriction sites Ncol and EcoRI for
cloning and one BamHI site between gene 3 and the gene
encoding pV3. The PCR product was restriction digested,
ligated into the vector and transformed into Y1089 competent
cells by electroporation.!” Expression and function of the
fusion protein was evaluated by the procedures described by
Dueiias and Borrebaeck.'®

Selection and amplification of specific phages

Antigen-specific phages were selected using the SAP system.'®
Briefly, non-infectious antibody phage libraries were con-
structed, using a gene 3-deleted helper phage denoted
M 13MDA3. These non-infectious phages were then incubated
overnight at 4° with 25% (v/v) of the culture supernatant
containing the fusion protein (protein3—pV3). Subsequently,
male bacteria (XL1 Blue strain) were infected and selected in
ampicillin containing medium. After each round of selection,
30-100 colonies were grown for 16 h at room temperature in

© 1996 Blackwell Science Ltd, Immunology, 89, 1-7
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96-well culture plates in 100 ul of 2 xYT medium, containing
100 pg/ml of ampicillin and 0-1 mm of IPTG. The plates were
centrifuged at 1000 g and S0 ul of the culture supernatant was
analysed by ELISA, as recently described,'® against pB1 and
unrelated antigens such as hen egg lysozyme and bovine serum
albumin (BSA). The different Fab clones were coded as: donor
(A or B); immunization status, i.e. U (= unimmunized) or P/S
(= primary or secondary); number of selection rounds (1 or 2);
and individual clone number.

DNA sequencing and analysis

Nucleic acid sequencing was carried out on double-stranded
DNA, using fmol™ PCR sequencing system (Promega Corp.,
Madison, WI) and the primers 5-TGTGCCCCCAGAGG-
TGC-3' annealing to the Cyl domain or 5-CAGAGGCAGTT-
CCAGATTTC-3 annealing to the Ck domain.

Sequence alignment with germline sequences available in
the July 1995 release of the V BASE Sequence Directory
(Tomlinson et al., MRC Centre for Protein Engineering,
Cambridge, UK) was performed using the FASTA algorithm,
available in the Wisconsin Sequence Analysis Package (UNIX
version 8, Genetic Computer Group, Madison, WI).

Affinity constant analysis

The BIAcore™ biosensor system (Pharmacia Biosensor AB,
Uppsala, Sweden) was used to obtain affinity constants for the
interaction between the Fab fragments and pBl. Briefly, pBl1
was immobilized onto the sensorchip surface, using conven-
tional amino coupling, at a concentration of 25 ug protein/ml
10 mm sodium acetate buffer pH 4-5. This yielded an amount of
8000-10000 RU of bound antigen. Fab fragments (0-75—16 ug/
ml) interacted with the antigen in HEPES complete buffer
pH 7-4 (Pharmacia Biosensor AB), which also was used as flow
buffer, at a flow rate of 3 ul/min. The time for association
was 11 min and the dissociation was studied for 30 min. The
affinity constants were calculated for each Fab fragment, as
described."®

RESULTS

Primary and secondary antigen-specific activation of human B
cells

The experimental set-up, including the primary and secondary
in vitro immunization of human peripheral blood lymphocytes,
is outlined in Fig. 1. The result of the secondary in vitro
immunization was analysed by EBV-infecting the cells and
determining the isotype of individual lines. The result shown in
Table 1 is given as the number of antigen-specific IgG-secreting
EBYV clones producing anti-pV3-specific antibodies. Only EBV-
clones secreting antigen-specific IgM could be detected after the
primary in vitro immunization, whereas no IgE or IgG response
could be detected, not even after extensively pre-absorbing the
primary culture supernatants on anti-human IgM-coated plates
before analysis (data not shown). However, following the
secondary stimulation a number of antigen-specific IgG-
producing clones could be identified. The results, thus,
demonstrated that specific IgG-producing B cells were gener-
ated during a secondary immunization period and that the
isotype-switch was absolutely dependent on stimulation via
CDA40, antigen and autologous, specifically activated T cells. If
any of these stimuli were omitted or if heterologous T cells were
used, we could not detect any IgG-secreting B cells. Further-
more, if the autologous T cells were merely polyclonally
activated, using SEA or PHA stimulation, only non-specific
IgM-secreting B cells could be detected and in no case was
antigen-specific IgG-secreting B cells found. The number of
IgG secreting EBV clones was statistically evaluated by Linear-
Rank exact test. The switch frequencies derived from experi-
ments with cells from donor A and B (Table 1) was highly
significant (P < 0-001), as compared to the control groups.

Selection of antigen-specific phages from antibody libraries

To evaluate further the primary and secondary in vitro
immunizations, we constructed five different libraries. One
library from unimmunized cells, derived from a mixture of

Preparation of PBL from
seronegative blood donors

A

Stimulation of antigen
specific CD4* T cells
\
Primary in vitro Secondary in vitro
immunization immunization
/ /

[ EBYV stimulation l
ELISA analysis

IgM* B cells

| EBYV stimulation
ELISA analysis

I IgG* B cells l

Analysis of VH/L-sequences
and affinity constants
of expressed Fab fragments

Antibody libraries displayed on phage
and selection by the SAP system

Figure 1. Schematic presentation of the experimental set-up, with antibody library construction using primary and secondary in vitro

immunized PBL from seronegative blood donors.
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Table 1. Effect of different signals during secondary in vitro immunization

Donor a-CD40mAb FcyRII" Lcells T,y (ag+)*  Tay (ag—)

Thet (ag+)

No. of antigen-specific IgGt

Thee (3g—) SEA PHA (specific/total)

A

I+ + +
|

L+ ++
[

I
+

T I I S S S S
e

12/384
- - - - 0/96
- - - - 0/96
+ - - - 0/96
- - - - NDj
- + - - 0/96
- - + - 0/96
- - -+ 0/96

18/384
- - - - 0/96
- - - - 0/96
+ - - - 0/96
—~ - - - 0/96
- + - - 0/96
- - + - 0/96
- - -+ 0/96

*Taur» autologous T cells; The, heterologous T cells; ag+, cultures stimulated with ptt; SEA, cultures stimulated with 1 ng/ml staphylococcal

enterotoxin A; and PHA, cultures stimulated with 5 ug/ml PHA.

tAnalysis of antigen-specific IgG was performed on EBV-clones. An antigen-specific reactivity was scored as positive if: the ELISA OD obtained
against pB1 was five times higher than the OD value obtained for a negative control; and the reactivity index (RI) was >3, when defined as:

_ OD(pBI) — OD(medium control against pB1)
" OD(BSA) — OD(medium control against BSA)

RI

iND, not determined.

donor A and B, and one after each immunization step, using
cells from each individual donor. Antigen-specific phages were
selected by the SAP approach,'® linking recognition and phage
replication. Between 30 and 100 colonies from each library and
round of selection were screened by antigen-specific ELISA
(Table 2). The data show that the frequency of phages
displaying antibodies specific for pV3 increased significantly
during the in vitro immunization process and two rounds of
selection had initially to be performed to obtain the V3-specific
antibodies from the unimmunized donors. In comparison, we
found a number of positive clones directly after the first

Table 2. Number of positive phage clones obtained after SAP selection

Clonal ratio after SAP selection*

In vitro
Donor immunization Ist 2nd
A+B none 0/102 2/100 (2)t
A primary 1/101 (1) 32/19 (2)
secondary 12/18 (5) NDi
B primary 2/100 (2) 50/1 (2)
secondary 20/10 (5) n.d.

*Positive wells/ negative wells by specific ELISA.
tFab producing colonies selected for further characterizations.
{ND, not determined.

selection when libraries were constructed from primary or
secondary immunized B cells. We observed an increase in
antigen-specific phages from 1 to 40% in donor A and from 2 to
60% in donor B (Table 2) between the primary and the
secondary immunizations. Nineteen clones, each with different
VH/VL combinations, representing the different stages of
immunization were then selected for sequence analysis, protein
expression and biosensor analysis.

Sequence analysis of antigen-specific heavy and light chains

The heavy chain sequences from the 19 different clones were
analysed and Fig. 2 shows their sequences. From these clones
we have 12 different VH sequences, one from the non-
immunized group (U) and 11 from clones obtained from
primary or secondary immunizations. The VH sequences
derived from the naive, non-immunized group were both
identical, although they were derived from different bacterial
clones. All the heavy-chain sequences showed closest homology
with germ line genes belonging to the VH4 family.

Analysis of the VL sequences showed an extensive chain
promiscuity. Thus, different light chains paired with the same
or similar heavy chains, without affecting the antibody affinity,
as demonstrated by the light chains derived from the non-
immunized group which were identical to light chains derived
from the secondary immune response of donor A (U.2.1 and
U.2.2 were identical to AS.1.28 and AS.1.29, respectively).
All sequences are deposited in GenBank (accession numbers:
L33418-1.33447).

© 1996 Blackwell Science Ltd, Immunology, 89, 1-7
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Figure 2. Amino acid sequences of heavy-chain variable regions of antigen-specific Fab fragments, derived from the different libraries. The Fab
clones were coded as: Donor A or B; immunization status: U (unimmunized) or P/S (primary or secondary in vitro immunization); number of
selection rounds (1 or 2); clone number. The sequences are aligned to their closest germ-line sequence. VH4.22 and 3d24d showed very similar
homology to most sequences in the second group. The FR/CDR asignments were according to Kabat et al®

Biosensor analysis of Fab fragments showed selection of high-
affinity variants

The antigen-specific Fab fragments were subsequently
expressed and analyzed using the BIAcore™. Figure 3 shows
the distribution of affinity constants derived from the five
different libraries. The data clearly established that the
secondary immunization period, between days 7 and 12,
resulted in an increase in Fab affinity of close to two orders
of magnitude with the highest constant of 1-8 x 10'°m™". The
Fab fragments derived from the primary immunization had
very similar affinities as compared to fragments derived from
the naive library of donor A/B. Furthermore, the observed
increase in affinity constants was mainly due to a decrease in
dissociation rate constants during the secondary immunization
periods. The kg;ss for antibodies (clones 1-9) derived between
day 0 and 7 was in the range (1-2 —3-9) x 107*s™!, while the
high-affinity clones (no. 28, 29, 30) all had kg around
8:5% 107>s~!. In addition, it was confirmed by light-chain
shuffling experiments that the increase in affinity was not

200
Naive| Primary Secondary u

| ]

F
S 100 (]
*
[}
b4
| ]
[ ]
a ]
[ n
o - i -

12 3 456 7 8 91415 21222324252829 30
Clone no.

Figure 3. The affinity constants of all the antigen-specific Fab clones as
a function of immunization status of the PBL used for library
construction. First panel: unimmunized PBL; second panel: primary
in vitro immunized PBL; third panel: secondary in vitro immunized
PBL. The Fab clones were coded as in Fig. 2.
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dependent on the particular light chain sequences used in the
different clones.

DISCUSSION

Primary in vitro immunization of naive human B cells has been
shown to result in the induction of antigen-specific IgM
responses.””!! An antigen-specific isotype-switch of naive B
cells was also recently shown to be strictly dependent on the
presence of antigen-specific autologous T-cell clones.® The
present results demonstrated that antigen-stimulated, non-
clonal CD4* T cells could replace specific autologous T-cell
clones during the secondary stimulation period and still
support an isotype switch of antigen-specific B cells. Evidence
that ligation of CD40 was involved in isotype switching was
recently reported when stimulation with antibodies to CD40, in
the absence of IL-4, was sufficient to induce germline
transcripts of most downstream isotypes.”’ The present data
show that both CD40 ligation and the presence of antigen-
stimulated, non-clonal CD4* T cells were necessary to generate
IgG expressing B cells in vitro. Furthermore, the effect of
different T-cell sources showed that autologous CD4™ T cells
stimulated by polyclonal activators, such as PHA or SEA,
could not support the induction of antigen-specific IgG.
Moreover, heterologous T cells did not support isotype
switch events even if they were stimulated with antigen. Thus,
these results support that isotype-switching of specific B cells in
vitro depends on antigen-specific, MHC-restricted helper T
cells.® Another explanation is that antigen-specific, isotype-
switched B cells were present already from the initiation of the
primary cultures. This is, however, highly unlikely since in no
case has antigen-specific IgG antibodies been isolated from
primary immunizations of naive B cells, despite the presence of
T helper cells.

The development of the combinatorial approach to anti-
body cloning has allowed unrestricted access to immunolo-
gical repertoires. Indeed, that technology has been applied to
immortalize the natural B-cell repertoire from most lymphoid
compartments and has been focused on obtaining affinity
maturated antibodies from immunized®?' or infected indi-
viduals.”> Most studies have generally failed to identify
high-affinity binders in antibody libraries derived from
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non-immunized individuals,'* unless very large libraries were
constructed;? e.g it was not possible to obtain gp120 binders by
panning of a bone marrow immunoglobulin library from an
HIV seronegative donor.?* In this study we could, however,
detect the presence of anti-V3-specific B cells in naive donors
and during the development of an in vitro immune response
due to the powerful homogeneous selection procedure of
phage-displayed antibody fragments.'8?

A restricted usage of VH gene families has previously
not been reported among Fab fragments specific for gpl20
in antibody libraries from infected donors.?>?® Our observa-
tion of VH4 gene usage in all of the five libraries might,
thus, reflect a distinct in vitro response against the V3 loop,
in particular since we and also Marks et al.'* seem to
amplified all the VH families equally well, using similar sets
of primers. For a recent overview on antibody repertoires
against HIV-1 see ref. 27.

When a comparison was performed between the heavy-
chain V-region sequences and germ line sequences several
VH4.22-related sequences (clone 3/4, 6/7, 8, 21/24, 22/23/25,
28) showed only around 91% homology, thus, preventing an
analysis of somatic mutations. A comparison between
sequences derived from the primary and secondary in vitro
immunizations revealed, however, some cases of high homol-
ogy. A complete homology in the VDJ recombination of the
CDR3/FR4 regions could even be observed in sequences
derived from primary (clone 3 & 4) and secondary immuniza-
tions (clone 22, 23, 25) from donor B, which indicate a common
clonal origin®® (Fig. 2). The sequences derived from clones 22/
23/25 contained three amino acid replacements, which might
indicate somatic mutations. However, due to our polyclonal
culture system such a common ancestry cannot at present be
confirmed. Since affinity maturation involves both antigenic
selection and somatic mutation, could the observed increase in
affinity merely be a result of new heavy- and light-chain
recombinations during construction of the phage libraries? This
is highly unlikely, since we showed by light chain shuffling that
the affinity constants were dependent only on the heavy chain
variable domain (data not shown). This agrees with the light
chain promiscuity described above, again suggesting that the
light chain variable domains contributed marginally to the
antigen binding. Furthermore, we never observed an increased
affinity in clones with novel recombinations derived from
libraries constructed from primary immunized B cells. The
major component of the observed increase in affinity of
antibody fragments derived from prolonged cultures was
most probably antigenic selection. However, this antigenic
selection of in vitro immunized B cells became only evident in
libraries derived from secondary in vitro immunized B cells and
the exact mechanisms need to be further evaluated. Possibly, an
increase in frequency of relevant V regions during the culture
period became evident in the subsequent antibody selection
process.

In conclusion, we have shown by phage display
technology that secondary in vitro immunized human B
cells yielded antibody fragments with affinities of almost two
orders of magnitude higher than those derived from primary
immunized cells. This combination of technologies will most
likely prove to be a valuable tool in the search for binders
of human origin when in vivo-induced repertoires are not
easily accessable.
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