AD-A250 003
{1 R *

ARMY PROJECT ORDER NO: 87PP7858

TITLE: DEVELOPMENT AND EVALUATION OF IMMUNOMODULATORS OF
HEMOPOIETIC AND IMMUNOLOGIC MECHANISMS

PRINCIPAL INVESTIGATOR: George C. Tsokos, M.D., Ph.D.

CONTRACTING ORGANIZATION: Uniformed Services University
of the Health Sciences
4301 Jones Bridge Road
Bethesda, MD 20814-4799

REPORT DATE: February 7, 1991 QTIC

TYPE OF REPORT: Final Report

PREPARED FOR: U.S. ARMY MEDICAL RESEARCH AND DEVELOPMENT COMMAND -
Fort Detrick, Frederick, Maryland 21702-5012

DISTRIBUTION STATEMENT: Approved for Public Release;
Distribution Unlimited

The findings in this report are not to be construed as an

official Department of the Army position unless so designated by
other authorized documents.

92-12450
IR e

-




REPORT DOCUMENTATION PAGE

Form Approved
OMB No 0704-0188

9,000 TAOAIT AT DLIAEN TP TRIL L ACTCR ST ATIINAL TR L T TRIAG T LR ade 0 uf D8 CRDONe N L@iNG ITe Time e ey Bw . ng st ACDONY Learihing 2t .rg 3313 sQuraes
ATRANAG 3N PANTANING the 1313 NAEQEA 31T - STOIPTIAT A *ALewWIng The THETISN ST AITrWANON  SeNg IMMANTs (A4rdind *his DLrJeNn Asumate O 10y SIREr 35DeCt O TS
TSHeTRn ST AIAIMAtIUn . mC UGING SUGGEsTICAS 1A FAQUUNT TR DUIGen 3 A ISPINGION ~e3gauarters lervices, SifRCTorate Tor nT3rmatcn ODerations and AEOorts 'S .etterson
Davis MR AAY. Swte 1108 AMegISa L3 U200 4307 and T tme roe 31 Maragement snd 3ua3et 23peraorn Aeduct.on Sraiect10/64-0°88). Nasmington o€ 20503

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE
7 February 1991

3. REPORT TYPE AND DATES COVERED
Final Report (6/15/87 - 6/31/90)

4. TITLE AND SUSBTITLE

Development and Evaluation of Immunomodulators of
Hemopoietic and Immunologic Mechanisms

6. AUTHOR(S)
George C. Tsokos, M.D., Ph.D.

S. FUNDING NUMBERS

Army Project Order No.
87PP7858

62787A
3M162787A871.AH. 363
WUDA313258

7. PERFORMING ORGANIZATION NAME(S) AND ADORESS(ES)
Uniformed Services University of the Health Sciences
4301 Jones Bridge Road
Bethesda, MD 20814-4799

8. PERFORMING ORGANIZATION
REPORT NUMBER

9. SPONSORING, MONITORING AGENCY NAME(S) AND ADDRESS(ES)
U.S. Army Medical Research and Development Command
Fort Detrick
Frederick, Maryland 21702-5012

10. SPONSORING / MONITORING
AGENCY REPORT NUMBER

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION : AVAILABILITY STATEMENT

Approved for public release; distribution unlimited

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

14. SUBJECT TERMS

Immunomodulators; Hemopeoiesis; Monoclonal Antibodies;
Animals; RA I; Mice; IgD; PO; BD

15. NUMBER OF PAGES

16. PRICE COOE

OF REPORT
Unclassified

OF THIS PAGE
Unclassified

17. SECURITY CLASSIFICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRAC:
Of ABSTRACT

Unclassified

Unlimited

NSN 7540-01-280-5500

Stargard form 298 Rev 2-39)
Srmscriped Dy ANSC ta [319. 8
298102




Part A: Development of general and specific immunopotentiators

We carried out work on the regulation of IgE production in
humans by lymphokines. The work has been very successful and has
been received enthusiastically by the scientific community.

IgE is a very important immunoglobulin since it is the only
one involved in the defence against helminthic infections.
Furthermore IgE is involved in all allergic reactions. 1IgE has
been recently shown to participate in the defence against viral
infections. Our work has focused on the characterization of
basic mechanisms which are involved in the regulation of the
production of IgE by human B cells. Identification of substances
able to up- or ~-down regulate IgE production may allow the
planning of proper clinical trials in the future.

The cytokine interleukin 4 (IL-4) has been shown to induce
lipopolysaccharide-activated murine B cells to differentiate into
IgE-secreting cells and to stimulate IgE secretion by cultured
human peripheral blood lymphoid cells. It is unclear, however,
whether this effect of IL-4 on human peripheral blood lymphoid
cells is a direct effect on the B cell because IL-4 can stimulate
T cells and monocytes as well as B cells and dose not induce
purified human B cells to secrete immunoglobulin. To investigate

this issue we studied the ability of IL-4 to induce IgE secretion

v
by purified human B cells (93-96% CD20%, <1% CD3*) that were “"E;’“‘
cultured with Epstein-Barr virus (EBV). Although B cells %
cultured with IL-4 alone did not secrete Ig and B cells cultured . ___ __ "]
with EBV alone secreted IgM, IgG and IgA but <150 pg of IgE per ST
ml, the combination of EBV and IL-4 induced an IgE response that "FQﬁG‘—~
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rahges from 11.4 to 40.3 ng/ml of culture supernatant after 26
days of culture. While IL-4 also enhanced IgM, IgG, and IgA
secretion, as well as proliferation by EBV-infected B cells,
these effects were less pronounced, occurred earlier during
culture, and required a lower concentration of IL-4 than did the
stimulation of IgE secretion. Furthermore, interferon gamma at
10 units per ml was found to inhibit IL-4/EBV-induced IgE e
secretion without inhibiting the other stimulatory effects of IL-
4 and interferon-gamma can act directly on polyclonal activated
human B cells to respectively stimulate and suppress IgE
secretion and IL-4, in addition to its specific effect of IgE
secretion, has a general stimulatory effect on the growth and
differentiation of EBV-infected human B cells.

To identify the time period during which EBV-infected B
cells can be induced by -IL-4 to secrete IgE, we have studied the
effects of delayed addition of IL-4, or the termination of IL-~4
stimulation by wash out or by neutralization with anti-IL-4
antibodies, on the induction of an IgE responses. To induce a
maximal IgE response, IL-4 had to be added to cultures of B cells
plus EBV no later than two days after the initiation of culture,
and had to remain present through the tenth day of culture.

These two time points correspond to the initiation of detectable
DNA synthesis (day two to three) and the earliest detectable Ig

secretion (day two to eleven) by EBV-stimulated B cells. No IgE
response was induced if the period during which EBV-stimulated B
cells were cultured with IL-4 was less than four days, or if IL-4

were added later than the tenth day of culture, regardless of how
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long the culture was continued beyond that time. In contrast,
IL-4 considerably enhanced IgG and IgM secretion and B cell CD23
expression, even if it was added after the tenth day of culture.
IFN-gamma strongly inhibited the IgE response of B cells cultured
with IL-4 plus EBV if added within six days of the initiation of
culture, but had little effect on the generation of IgM of IgG
responses made byjfhese cells, regardless of-the time of
addition. Neither IL-4 nor IFN-gamma affected ongoing IgE
secretion by an established, IgE-secreting, EBV-transformed cell
line. These observations suggest that: 1) IL-4 first becomes
able to induce EBV-activated B cells to secrete IgE as these
cells begin to synthesize DNA, must stimulate B cells for at
least four days to induce IgE secretion, and loses it ability to
induce IgE secretion as these cells differentiate into Ig-
secreting cells; 2) the ability of IFN-gamma to suppress an IgE
responses is limited to this same time period; and 3) IL-4
enhancement of CD23 expression and IgM and IgG secretion are

independent of IL~-4 induction of an IgE response.
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1989. (Appendix I)
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Levine A.D., Finkelman F.F. Kinetics of interleukin-4
induction and interferon-gamma inhibition of IgE secretion
by Epstein-Barr virus-infected human peripheral blood B

cells. Cellular Immunoloqgy, (Appendix II)




B. Hemopoietic and Survival Studies in Immunosuppressed Mice

As described in the original proposal, studies to evaluate
selected USAMRIID AVS agents for hemopoietic effects and for the
ability to nonspecifically enhance resistance to opportunistic
infections in immunosuppressed hosts were evaluated by Dr. M. L.
Patchen at the Armed Forces Radiobiology Research Institute
(AFRRI). The ability of various agents to stimulate hemopoiesis
at the level of the pluripotent hemopoietic stem cell was
evaluated using the endogenous spleen colony-forming unit assay
(E-CFU assay). In this assay, the hemopoietic stem cell content
of an animal is reduced by exposure to a sublethal dose of
irradiation. Experimental drugs are administered either before
(prophylactic drug treatment) or after (therapeutic drug
treatment) the hemopoietic injury and evaluated for the ability
to accelerate hemopoietic regeneration. 1Increases in E-CFU
numbers indicate a drug's ability to function as a hemopoietic
stimulant. The second parameter assayed in studies performed at
AFRRI was the ability of the same selected AVS agents to
prophylactically or therapeutically enhance survival in severely
irradiated mice. Since following radiation doses such as those
used in these experiments, death results from opportunistic
pathogens, these studies provide an indication of the ability of
an agent to enhance nonspecific resistance in an
immunocompromised host.

During this contract 14 USAMRIID AVS agents were evaluated
for these parameters. Results of these studies were summarized

in the following two table and four figures. The most effective




agents, taking both prophylactic and therapeutic efficacy into

account were Xerosin, AVS 2776, and AVS 2777.

Publications: None
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BRM DOSAGES
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Comparative E-CFU and Survival Enhancing Effects
of Tested BRM's {optimal drug doses)

Prophylactic Treatment Therapeutic Treatment

% by
BAM ma/kg E-CFU_ Survival E-CFU Survivai
Saline - 40 ¢+ 0.9 5 4.0 + 09 40
AVS ? 50.0 303 1 22 70 740 85
AVS 00001  50.0 631128 30 8.0 ¢ 1.5 35
AVS 1758 - . 400.0 »30 40 »40 15
AVS 1968~ . 40.0 a7 : 16 15 57 + 1.5 45
AVS 2149 . 2.5 13 t 17/ 25 57 v 1.2 30
AVS 2776  300.0 196 : 26 80 247 + 2.8 85
AVS 2777  300.0 32 ¢ 32 80 305 ¢ 1.3 90
AVS 2778  300.0 153 + 49 30 105 + 1.3 0
AVS 3926  25.0 g 23 20 174 + 2.3 70
AVS 3927 25.0 vo1 14 20 116 « V.7 70
AVS 3933  100.0 -0 ¢ 15 50 152 + 2.3 as
AVS 3938 3000 Gt 13 10 109 ¢ 1.3 50
AVS 3960 50.0 4. + 33 0 155 + 4.2 20
AVS 4054 25(ug/kg) > - 18 0 152 + 13 60

- -
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Comparative Effects of Tested BRM's on Surviver -
in C3H/HeN Mice Following 8.3 Gy
(Prophylactic Administration)

100
% _
Survivel
at 30
Days
Postirrad
Sakine SAY-PEL AVS 2776 AvS 3938 AVS 3034
(400mg/ng) (300mg/kg) (28mg/k ) (300mg/kg)
Xerosin AVS 10883  AVS 2777 AVS 3027 A“:’“‘
(S0me/kg) (40me/kef  (300mp/hg)  (25mg/ky)  (SOme/kg o
Ridavirin AVS 2149 AvVS 2778 AVS 3933 AVS 4084,
(30mg/kg) (2Smg/kg) (300mg/ng) (100mg/ky) ("'u?,. S
§P 220 : ’ .
‘!1 | hi-: .
%4
- :- ‘
Comparative Effects of Tasted BRM's on Survival .
in C3H/HeN Mice Following 8.0 Gy
(Therapeutic Administration)
100
18
%
Survival
at 30
Days
Postirred
2s
o
Saline " BRU-Pm, AYS 2778 AVS 3920 Ave
(400mg/ng) (300mg/kyg) (2Smyg/kg) (”Olll:m
Nerosin avs AvS 2777 AVS 3027 ¢ AVe
(80mg/ky; (40mvg’ug {300mg/kg) {23mg/kg) (30mg/kq)
Ribavirin AYVS 2149 AV 2779 AVS 3033 AVS 4084
(8O0mg /L) i Ime. hy) {390my/ky) (100m3/kg) (2.8mg/kg)

e 13l
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- Comparsative Effects of Tested BRM's on Hemopoietic
Stem Cell Regeneration in CIJH/HeN Mice Following 6.5 Gy
(Prophylactic Administration)

~.
a-Cru
per
Spleon
Satine BAU-PEL AvS 2778 AVS 3029 AVS 3038=
{(400mygsky) (300me/kyg) (25mg/ky) (300mgskg)
Xerosin AVS 1964 AVS 2777 AVS 2927 AVS 3960
(SOmg/xg) (40mg/kg) (300my/ke) (29m19/ug) (30mg/kg)
Ribavir AVE 2149 AVES 2778 AVS 3033 AVS
. (S0mg/NKg) (2.5mys/kg) (300mg/ky) (100me/hyg) (:.h.agn
. ~

Comparative Effects of Tested BRM's on Hemopoietic
Stem Cell Regeneration in C3H/HeN Mice Following 6.5 Gy
(Therapeutic Administration)

40 |

36

X-CPU
per 20 -
Spleen

Seline LTIy . § AVS 2778 AVS 392'e AVS 3034
(€00mg/ug) (300mg/kg) {2%mg/kg) {300myg/kg)

Xerosin AVS 1060y AVS 2777 AVES 3027 AVES 3980
130mg/k9) 4Omg/Rg) {30Cmg/kg) (28ng/kg) (30mg/ky)

Ribavirin AVE 2140 AVS 2778 AVS 3932 AVS 4084
{SOmg/ky) (7.9mg’%ny) {300myg/kg) (100mg/kg) {2.3mg/ky)
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APPENDIX I

IgE secretion by Epstein-Barr virus-infected purified human B
lymphocytes is stimulated by interleukin 4 and suppressed

by interferon y

iallergy / poivcional B-celt activation immunogiobulin isotypes. class switching)
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ABSTRACT The cviokine interfeukin 4 (IL-4) has been
shown to induce lipopolysaccharide-activated murine B cells to
differentiate into IgE-secreting cells and to stimulate [gE
secretion by cuitured human peripheral blood lymphoid cells.
It is unclear. however. wnether this effect of [L-4 on human
penpheral blood lymphoid cells is a direct effect on the B cell
because IL-4 can stimulate T cells and monocyies as well as B
cells and does not induce purified human B cells to secrete
immunoglobulin. To investigate this issue we studied the ability
of IL-4 to induce IgF. secretion by purified human B cells
193-96% CD20". <1% CD3*) that were cultured with Ep-
stein-Barr virus (EBV). Although B cells cujtured with [L-4
alone did not secrete Ig and B ceils cultured with EBV alone
secreted IgM. IgG. and [gA but <150 pg of IgE per mi. the
combination of EBV and IL-4 induced an igE response that
ranged from 11.4 to 40.3 ng/ mi of cuiture supernatant after 26
days of culture. While IL-4 also enhanced IgM. 1gG. and IgA
secretion, as well as protiferation by EBV-infected B cells, these
effects were less pronounced. occurred earlier during culture,
and required a lower concentration of IL-4 than did the
stimulation of IgE secretion. Furthermore. interferon ¥ at 10
units per m} was found to inhibit IL-4/EBV-induced IgE
secretion without inhibiting the other stimulatory effects of
IL-4. We conclude that (i) [L-3 and interferon y can act direct-
Iv on poivcionally activated human B cells to respectively
stimulate and suppress IgE secretion and (i) [L-4, in addition
to its specific effect on IgE secretion. has a general stimulatory
effect on the growth and differentiation of EBV-infected human
B celis.

Because IgE plays a critical role 1n the stimulauon of mast cell
degranulation and the generation of allergic symptoms that
result from this process (1-3). recent evidence that two
cvtokines regulate IgE secretion may have clinical impor-
tance. Studies in the mouse have demonstrated that ({)
interleukin 4 (IL-4) can induce punfied. hpopolysacchande-
activated B lvmphocytes to secrete IgE in the absence of
other T cell sumuli (4): (i) IL-4 1s required for T-
cell-dependent induction of IgE secretion both in virro and in
vivo (5=7); wii) [L-4 induces transcription of a germ-iine ¢
chan transcnpt (8); and tiv) interferon v {IFN-vi specifically
inhibits the differennaton of B lymphocvies into IgE-
secreting cells (9-11). In viro studies with human lympho-
cvies support the possibility that these two cvtokines also
regulate human IgE secretion: (i) Culture of human penpn-
eral blood celis with [L-41nduces an [2E response. which can
be inhibited by the addition of IFN-v to the cuiture system

The publication costs of this article were defraved in part ov page charge
pavment. This articie must theretore be nereby markeg adavertisemen;
n accordance with 18 U.S.C. §1734 soielv to indicate this tac:

1120 13w culture of punfied numan B cells with cioneg
heiper T celis induces an IgE response that 1s direcuv
proporuonal to the guanuty of [L-4 produced by the T :ztis
and inverseiyv proporuonal to tne guantity of IFN-v proauced
~v these geils 1134 However. pecause all these stuaies with
numan ceils required tne presence of T iympnocyvies ang
monocvtes to inguce an IgE response and because botn [L-4
and {[FN-v can arfect the growth of T as weil as B ivmpno-
cvies (153~18). these studies do not distinguish whether [L-4
and [FN-v affect IgE secretion directly at the B-cell level or
indirectly. bv inducing T cells to produce additionai cvto-
kines that can sumulate or suppress igE secretion. Studies in
which anti-Ig anubodies. protein A-beanng Staphviococcus
aureus. or bactenal endotoxin were used to sumulate human
B lvmphocytes showed no clear direct sumulatory role for
IL-4 in inducing an [gE response (19): indeed. interteukin 2
(IL-2). 1n the absence of IL-4. has been reported to induce
cunfied B cells cultured with S. gureus to secrete IgE. and
iL-4 has been found to inhibit S. aureus pius |L-2-inauced
secretion of all lg isotypes. including IgE (20. 21).

To invesugate wnether IL-4 and IFN-v can act directly on
human B lymohocytes to regulate IgE secretion we have
studied a svstem wn which the nfection of highly punfied
normal human penpherai blood B lvmophocvies with Epstein—
Barr virus (EBV't induces these cetis to proliferate and 1o
secrete igM. [gG. and 1gA. but not detectable IgE. Aithougn
addition of [L-4 to the culture svstem enhances ceil growin
and production of all Ig isotvpes. we find that IgE proguction
1S enhanced mucn more than that of the other isorvpes
Additon of IFN-v along with IL-4 1o the EBV-sumuiates
cultures inhibits IgE production without affecting proauction
of the other Ig isotypes.

MATERIALS AND METHODS

B-Cell Purification. Penpheral blood mononuclear ceils
were obtained by leukopheresis of five healthv normai donors
and depieted of polymorphonuciear jeukocytes and ervtnro-
cvtes by centnfugation over a laver of FicollsHvpaaue.
Lymphocytes were partiailv depieted of macrophages b
tracuonauon in Sepracell-MN according to the manuractur-
er’s instructions (Sepratech. Oklanoma Cuy., OK:. then
incubated for 45 min with 3 mixture of mouse monoctonal
antibodies 35.1.64.1, G17.2.8. G10-1. G3-7, FC2.2. and #0.1
tgift of J. A. Ledbetter. Oncogene. Seattle. WA}, which are
specific for surtace markers CD2. CD3. CD4. CD8 (present
on T celis), CD7. CD16. and CD11 ipresent on macropnages

Abbreviations' L. interieukin: EBV. Epstein-Barr virus. [FN-~
interteron v: clg, intracvtopiasmic :mmunogiobubin: FITC. luore~-
cein isothiocvanate.
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Immunowogy: Thyparomus er u:.

were tnen washed and incubated Yor | hr a. 4°C with ron-
containing beads conjugated with goat anti-mouse lgG ant-
pody +Dvnai. Great Neck. NY 1 at a rauo of four beads per
cell. Cells bound to beads and free beads were removeud
magneucaltty from the cetl suspension. after which the re-
maining celis were washed twice before being piaced n
culture. Immunofiuorescence staining, coupied with fluores-
cence-achivated ceil sorter anaivsis, demonstrated (nat Y3-
967 of the resulung cell population bore the B-ceil-speciric
surtace marker Bl (Couitery. wnereas ceils that were stained
mv fluorescein-labeled anubodies specific for T-ceil. mac-
ropk we. or natural Killer-specific markers (Leu 3. Leu M3,
Leu ~. and Leu i1: Becton Dickinson) were not detectabie
2177 The absence of ceils stained bv these tluorescein-
.abeied antibodies cannot pe accounted for by blocking of
antigemic determinants with uniaoeied monocivnai antiboaies
~ecause no cells were stamea detecrabiv by a fluorescein-
labeled anti-mouse lg anuboay.

Analvsis of Ig Secretion. g ievels in supernatants ot cui-
wurea cells were analvzea by ELISA in v6-well tlat-pottomec
~onstvrene micronter oiates (Dvnatech). To assav [gE iev-
2iy. wells were Coated overmignt with goat anu-numan gk
anuiboav at 10 wg mite chain-specitic. Cappel Laooratones
n 0.1 M NaHCO: burfer. pH 9.6. Wells were wasned.
niocked with phospnate-bultered saitne U.17- Tween 20 17
covine serum albumin. and filled with 100 ui of senat 4-foid
dilutions of culture supernatants. Atter a 2-hrincubation step
wells were sequenuaiiv filled with 100-ut aiiquots of a 1.300
difutron of a mouse monocional antibodv to human IgE
tHvbntech). a 1:20.000 dilution ot a broun conjugate of goat
anu-mouse [gG anupbodv tJackson ImmuncResearch). a
1:2000 dilution of a peroxidase-streptavidin conjugate (BRL).
and substrate (3.3, 5.5 -tetramethvibenzidine pius H-O..
Kirkegaard and Perrv. Gaithersburg. MD) according to the
manutacturer’'s mnstructions. After 10 mun the reaction was
stopped by addition of 1 M H:PO,. and wells were analvzeu
for absorbance at 430 nm n an ELISA readertDvnatech . An
TEmvelman T T Dal Topg mbeafn s RO Weerar,
gt e ot T T ST L8 LENeTATEA AN Agsp ol Twice
e tudh OunY 2veiowhereas gl Gl gl fgGe L lgA L
1gA2. or IgM myetoma proteins ¢acn at up (o 9 .2/ mi(aiso
gifts of R. Wistar) taiied (o generate 4 getecat.e resc  'n
s assav. To quantate 1eM. [gG. or g o culiure suser-
natants. weils were fir<s coated with gudl nti-human ig
antibodv at 1 ug /mi and then incubated sequennally with
culture supernatant diiutions. peroxigase comugates of goat
antibody to IgM diuted 1:2000). {gG (1:5000). or iga
(1:2000), respecuveiy (Cappel Laboratones), toliowed v
substrate. Punfied human IgA. [gG. and IgM standards were
purchased from Cappel Laboratones.

Cvytokines. Recombinant human IL~4 was synthesized by
transtected C127 mouse mammary tumor cells as a 17.5-kDa
givcoprotein 1A, R. Seetharam. T. G. Warren. and A.D.L..
unpublished work). The protein was punified from serum-iree
conditioned medium by sequenual chromatography on a
Pharmacia Fast S column and a Vidac C, column. Homoge-
ne.tv of the punfied lymphokine was demonstrated bv amino-
terminal sequence analvsis. PAGE. and eiution as a sharn
symmetrical peak on a C4-microbore reverse-phase coiumn
(Appiied Biosvstems). Punfied IL -4 at 250 pg/ mi had one unit
of acuvity, as defined as that concentration required to
stimulate haif-maximal expression of membrane CD23 by the
human Burkitt lvmphoma Jivove cell line. Recombinani
nterteukin 1 was a gift of Hoffman~La Roche: [L-2 was a gift
of Cetus: and nterieukin 3. IFN-v, and interleukin 6 were
giits ot the Geneucs Institute (Cambnridge. MA.

Culture System. Punfied B [vmphocvtes 1 10°) were cultured
in 48-well culture piates (Costar) in 1 mi of RPM| 1630 medsum
supplemented with 10% fetal bovine serum (GIBCO). 2 mM

and.or naturai killer ceils). respecuively 122-25 The cells

Proc. Nar. Acad. Sci USA &6 1989, RRh 3

L-glutamine. gentamicin at 0.3 memi. and 2 ¢« .H7 M
2-mercaptcetnanol plus varving Joses oi recompmnani <. 1o-
Kines at 37°C in an atmospnere that contained £ CO-. Ever
4-3 davs 0% of the cuiture medium was replaced with an
equaj volume that contained the same cviokine concentration
Cuiture supernatants of the EBV-progucing B9¢ .3 m' rmoset
cefl line. wnich contained > - 107 infectious um ot EBY

were aaded 1o ceils at the start of cuiture.

Identification of Cells with Intracvtoptasmic Ig iclg). o
wennty ceils that were synthesizing iarge quanuties ot le.
cuitured cells were first centnfuged over a laver of Fieoil
Hvpaque 10 remove dead ceiis. then mixed with tormann-
fixed cnicken ervthrocvies at a 100:1 rauo ana centntuged
ONTOo 4 g1dss MICroscope siide with a cvtocentrntuge 1 Shandon
Southern Instruments. sewicniey. PAr. Cells were air-anec.
fixed for 1 nr i methanoi at 4°C. Jdned. and stained tor 30 mun
with luorescein-iabeied mouse monocional annpoates (o
feM or IgE (Becton Dickinson). wasned. mounted 0 give-
¢roi. and examined with a Leitz Ortholux pnase: fluorescence
microscope. The percentage of clgM ™ celis was determinea
oy counting lymphoid cells under both phase and UV hent.
the percentage ot clgE~ cells was determined bv counung
snaer UV lizht the numpeer of lvmpnoid ce'ls that disptavec
green cyvloptasmic tluorescence 1n tieids that contained a tota.
or 100 cricken ervthrocvies (and. therefore. 10.000 ismpno-
cvtes) 7+ Chicken ervthrocvies were idenufied by therr ovai
shape and orange nuciear tluorescence.

RESULTS

IL-4 Increases Ig Secretion by EBV-Infected B Lympho-
cvtes. Supernatants of punfied B lvmphocvtes from tour or
five normal 1ndividuals were cuitured with EBV for 26 davs
1n the arsence of exogenous cvtokines: these cultures con-
tained easily Jetectable quantties of IgM. IgA. and [gG but
no detectable igE (<150 pg;mh (Fig. 1). Addiwonof 2 « 10°
units of IL-3 1o cultures increased supematant concentra-
uons of IgM. 12G. and IgA by an average of 11-. l0-. and

IgE IgA 1gG g
30000
: .
5 -~ N
s © [}
1 [} °
: A -
- 8e - 5‘
- T T
=Lty
,—3 34 [}
fesa
1L-4
Fig. .. Effect of IL-3 on EBV-nduced Ig secreton Punties

numan penpheral biood B cetls were cultured for 26 davs at 107 cens
in L miof culture medum with 3 ~ 10 infectious units of EBV wn the
presence or apsence of 2 « 107 umits ot punfied recomoinant {L-2
Half ot the culture medium was replaced everv 4-5 davs with tresn
medium that contained an cguai concentration ot !L-3 Dav.2»
cultyre subernatants were tested tor lg concentrations dv xoL re-
specific ELISAs. Each svmoos represents an individual expenmen:
and each expenment was pertormed with cells trom a Jitteren:
donor. Jpen svmpots ndicate resuits of cultures that lacked 1L -
closed symbois indicate reswits of cultures that contasned 1L~
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3-fold. respectively. The etfect of this cytokine on [gE
secretion was much more marked: in the presence of [L-4
culture supernatants had average IgE concentrationsof 11.4—
40.3 ng/mi. an increase. on average. of >180-fold over
baseline (Fig. 1). Thus. while IL-4 increases production of all
Tg isotypes by EBV-infected B lymphocytes. the increase in
IgE production s at least 10-fold greater than that of other Ig
isotypes. In contrast. the addition of recombinant [L-1_{L-2,
[L-3. or IL-6 to punfied B cells cultured with EBV failed to
induce detectable IgE secretion. and B ceils cultured with
2-2000 units of IL-4 in the absence of EBV also failed to
secrete detectable IgE (data not shown).

1L~ Increases the Percentage of EBV-Infected B Cells That
Synthesize IgE. To determine whether [L-4 increased the
percentage of cells that synthesize large quantities of IgE. in
addiuon to the totai quantity of IgE secreted. punfied B cells
cultured for 26 days with EBV in the presence or absence of
{L-4at 2 x 10° units/ml were fixed on glass slides. stained with
tfluorescein isothiocyanate (FITC)-labeled anti-igM or anu-
IgE anubodies. and examined by fluorescence microscopy for
the percentage of cells with bright intracytopiasmic fluores-
cence. IL 4 increased the percentage of cigM ™ cells from 17

to 4] and tncreased the percentage of cigE ™ cells from <0.010

t0 0.267. Thus. the large increase in IgE secretion 1s accom-
panied by a sizable tncrease in the percentage of cells that
synthesize large quanuties of IgE and most likely secrete this
isotype.

Effects of 1L Concentration on Increases in Cell Number
and Ig Secretion. Although IL-4 caused increases in cell
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FiG. 2. Effect of IL-4 concentration on proliferation and g
secretion by EBV-infected human B cells. Punfied human penpheral
blood B ceils were cultured as descnbed in the legend to Fig. 1 with
EBYV plus various concentratuons of 1L-4. Half of the culture medium
was replaced every 4-5 days with fresh medium that contained an
cqual concentration of {L-4. Day-26 cuiture supernatant Ig concen-
trations were determined by ELISA: live cell counts were deter-
mined by trypan blue exclusion. Upper and lower paneis show data
from the same expenment. U, units.
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number and in the concentration of all Ig isotypes tested in
culture supernatants. these etfects were dissociated to some
extent by differences in the dose-response curves (Fig. 2).
1L at 2 units per m} sumuiated a maximal increase n cell
number as well as substanual increases in IeG and IgM
concentrations: however, this dose failed to induce detectabie
IgE secretion. IgE secretion first became detectable when IL -4
was added to cultures at a dose of 6.6 units per ml. Increasing
the 1L-4 concentration to 20 units per mi stimulated a consid-
erable further ircrease in IgE secretion. but increases in [L-4
concentration beyond this level had little effect on secretion of
IgE. No decreases in secretion of any of the measured Ig
isotypes were seen at |L-4 doses as high as 2000 units per mi.
although the number of live cells recovered from cultures
declined when [L-4 concentrations of 66 units per ml or higher
were used. These observations suggest that the mechanisms
through which IL-4 induces increases in cell number. the
secretion of 1gE. and the secretion of other Ig isotypes may
differ: these observations further indicate that increased IgE
secretion cannot simply be a consequence of an IL-+induced
increase in lymphocyte proliferation or survival.

IgE Is Produced Late by B Cells Cuitured with EBV Plus
I[L-4. By the 10th day of culture of B cells with EBV plus IL-4,
the number of cells per culture increased by a factor of 4-3.
and considerable quantities of IgM and IgG accumulated in
the culture supernatant (Fig. 3). In contrast. IgE was either
not detectable (<150 pg/ml) or just barely measurabie in
culture supernatants at this time (280 pg/mi in the experiment
shown in Fig. 3). In addition. the percentage increase in
culture supernatant IgE concentration between days 10 and
14 was considerably greater than the percentage increases in
the culture supernatant concentrations of IgM or IgG during
this time period. Thus, induction of IgE secretion is regulated
differently from induction of IgG and IgM secretion and may
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FiG. 3. Kinetics of proliferation and lg secretion by EBV:
IL-4-stimulated B ceils. Punfied human penipheral blood B ceils were
cultured with EBV plus [L-% at 2 x 10° units per mi as descnbed in
the legend to Fig. 1. g concentranons in culture supernatants were
determined by ELISA: cell counts were performed in the presence
of trypan blue to determine numbers of live cells. Upper and lower
panels show data from the same expenment.
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require more proionged stimuiation with EBV plus IL-4 than
does induction of B-cell growth or IgM or [gG secreton.

T Cells Do Not Increase in Number During the Culture of
Purified B Cells with EBV and IL-4. Because T cells have been
required for the generation of an IgE response by cultured
human lymphoid cells in other systems and because the
generation of an IgE response by purnfied B cells cultured
with EBV plus IL-4 takes >10 days. it was necessary (o
determine whether T tymphocytes. although undetectable at
the nitiation of culture, increase in number durning this ime
period. To investigate this possibility we stained cells after 3
and 16 days of culture with FITC-labeled anubodies specific
for T cells tanu-CD3), B cells (anti-CD20}. or with a FITC-
labeled control anubody and then analvzed these cells tor
fluorescence ntensity with a fluorescein-activated ceil
sorter. Less than 1% of cells from etther group were stained
significantly by ant-CD3, whereas a large percentage of
unfractionated penpheral blood mononuciear cells that had
been cultured for 8 days with IL-4 plus EBV were stained
brghtly by this reagent (Fig. 4). Furthermore. virtuaily ail
cells cultured with EBV and [L.-4 continued to bear the B-cell
marker CD20 after 8 or 16 days of culture. Thus. induction of
IgE secreuion by the combination of EBV and IL-4 cannot be
explained by T-lymphocyte outgrowth during culture.

IFN-vy Specifically Inhibits [gE Production by B Cells Cul-
tured with EBV Plus IL-4. Because [FN-y inhibits [L-4 effects
in many munne and human svstems (9. 10, 12, 26), we studied
the effect of this cytokine on the tnduction of proliferative and
Ig-secretory responses by B cells cuitured with EBV plus
IL-4. At doses >100 units per mi, IFN-y blocked all B-cel!
proliferative and Ig-secretory responses to EBV plus IL-4 or
to EBV alone (data not shown), presumably because the
antiviral effects of [FN-v interfered with EBV infection of B
lvmphocytes. However, at 10 units per mi. IFN-v inhibited
IgE secretion by 95% without affecting secretion of 1gG or
IgM (Fig. 5 or B-cell proliferation (data not shown). Thus,
induction of an [gE response is more sensitive to the inhib-
jtory effects of IFN-y in this system than are some other
events stimulated by [L-4. Although IFN-y probably inhibits
igE production n this system by specifically blocking IL-4
induction of an IgE response. we cannot ruie out the possi-
bility that [FN-y selectively prevents EBV infection of those
B cells that can act as precursors of IgE-secreting cells.
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F1G. 4. No increase in T-cell number occurs during culture of
purified human penpheral blood B cells with EBV plus [L-4. Punfied
human penpheral blood B cells were cultured as descnbed in the
legend to Fig. 1 for 8 days (A) or 16 days (B) stained with FITC-B1
{—), FITC-Leu-4 (anti-CD3) (---), or as a negauve control. FITC-
normal mouse IgG (~~-), and anaiyzed for fluorescence intensity by
flow microfluonmetry. The flow microfiuorogram of similarly
stained and analyzed unfractionated peripherai blood lymphocytes
that were cuitured for 8 days with EBV plus IL-4 is shown in C.
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FiG. 5. IFN-v specifically suppresses IgE secretion by EBV/
IL-+-sumulated human penpheral blood B cells. Punfied human
penpheral blood B ceils were cuitured for 26 days as descnbed in the
legend to Fig. 1 with EBV alone. EBV pius [L-4at 2 x 10* units per
mi or EBV plus [L-4 at 2 x 10° units per m} and IFN-v at 10 units
per mi. Half of the culture medium was replaced every 4-5 days with
fresh medium that contained an equal concentration of cytokines.
Culture supernatant {g Goncentrations were determuned by ELISA.
Honzontal lines indicate {g concentrations of supemataats of cells
cultured with EBV alone. open bars indicate {g concentrations of
supernatants of cells cuitured with EBV plus [L-4, and shaded bars
indicate Ig concentrations of supernatants of cells cultured with EBV
plus IL-4 and IFN-y.

DISCUSSION

Our studies show that highly purified human peripheral blood
B lymphocytes can be stimulated by EBV plus the cytokine
IL-4 to secrete IgE. EBV. in the absence of IL-4. induced the
secretion of IgM. IgG. and IgA, but not IgE, whereas [L-4. in
the absence of EBV. failed to stimulate any [g secretion. These
observations are analogous to the results of previous studies
in the mouse. which demonstrated that (/) the combination of
IL-4 and lipopolysaccharide induces punfied B cells to secrete
IgE as well as IgM and IgG: (i) lipopolysaccharide in the
absence of IL-4 stimulates secretion of I[gM and 1gG. but not
IgE: and (i) IL-4. by itself. does not stimulate Ig secretion (4,
27). We do not yet know whether 1L-4 modifies the distnbu-
tion of IgG subclasses secreted by human EBV-infected B
cells. as it does for murine lipopuiysaccharide-activated B
cells 127-29): nor do we have an explanation for the long ime
required for the combination of EBV and IL-4 to induce a
detectable [gE response by human peripheral blood B cells.
This delay in the secretion of IgE may explain an eariier report
that human B ceils do not secrete IgE in response to EBV pius
IL -4 {30) because the culture period in that study was only 10
days and we have frequently failed to detect IgE secretion
before 14 days of culture. Another cause for failure to detect
IgE secretion by B cells cuitured with EBV plus IL-4 is that
impure IL-4 preparations may contain an inhibitor of IgE
secretion: partially purified preparations of recombinant [L-4
used in our initial studies required much higher concentrations
of IL<4 (0 induce IgE secretion than did the highly punfied
recombinant IL-4 preparations used for the studies descnbed
here.

The results of our study complement previous reports that
human penpheral blood cells are sumuiated by IL- to secrete
[gE. provided that T cells are present. and that human T-ceil
clones that secrete [L-4 can induce punfied B ceils to secrete
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IgE (12-15). Because IL-4 sumulates human T cells as weil as
B cells (15). these studies lett open the possioiliry that the IL-4
stimulatory etfect on IgE secreuon was enurely indirect. in
that 1L -4 sumulated T cells to secrete a second lvmphokine
that induced B celis to secrete igE. The T-cell requirements for
the induction of a human IgE response were also unresoived
bv a recent report in which EBV-infected B ceils. cuitured at
low density with activated. irradiated “filler™ T ceils. were
induced to secrete [gE. because the capacity of the tiller cells
to provide either contact-mediated or cvtokine heip was not
defined (31). In contrast. the absence of anyv detectable T-ceil
population at the imtiation of our cuitures. as well as at 8 and
16 days later in our system, eliminates the possibility that any
form ot T-cell help other than {L-3 is required to induce
EBV-infected B cells to secrete IgE. In addition. the lack of T
cells in our svstem allowed the demonstration that the mhib-
itory effect of IFN-vin human. as in mouse (9. 10). can operate
directiy at the B-cell level. Our system shouid similarly be
useful for invesugations of whether IgE binding ractors. such
as soluble CD23 (32), work directly at the B-cell level to
stimufate IgE secretion (13. 33) and may allow the cloning of
IgE-secreung. EBV-transformed cells (34-36). Such ceils
would be userul for determiming whether [L-4 and [FN-y
conunue to regulate IgE secretion by a ceil at this stage of
differentiation as well as for investigating whether induction of
IgE secreuon by EBV-infected cells is accompanied by dele-
tion of upstream [g heavy chain constant region genes. Inves-
tigation of the status of [g heavy chain constant region genes
upstream to the gene for the constant region of the ¢ chain in
B cetlls induced by EBV plus [L-4 to secrete IgE has become
parucularly important in view of the recent report that no
deietion of these genes occurs in B cells that secrete IgE when
infected with EBV and cultured wich irradiated, activated T
cells (31).

Stimulation of IgE secretion was not the only effect of IL-4
on the growth and differentiation of EBV-infected B celis in
our study; this cytokine also substantially increased B-ceil
proliferation and the secretion of IgM. [gG. and IgA. These
additional etfects. however. may operate through a different
mechanism than does the stimulation of IgE secretion be-
cause ({) these effects occur earlier than IgE secretion. (ii) as
in the mouse these etfects can be induced by lower [L-4
concentrations than are required to induce [gE secretion, and
tiif) these etfects are not inhibited by a concentration of
[FN-vy that effectively blocks IgE secretion. These consid-
erations are relevant to the use of agents that inhibit [L-4
production or the effects of IL-4 on the B cell as possible
therapies for IgE-mediated disorders because they show that
it1s sometimes possible to block IL-4-mediated IgE secretion
without inhibiting other effects of IL-4. Also of interest in this
regard is the observation in murine in vivo studies that an
anti-1L-4 anubody. can block IgE production by >99% with-
out affecting production of other Ig isotypes (37). This
observation cannot be explained simply by dose-response
considerations and is consistent with the possibility that IL-4.
while critical for the stimulation of IgE secretion. may have
an auxiliary or redundant rofe of relatively little importance
in vivo in generating other humoral immune responses.
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Interleukin-4 (IL-4) acts directly on punfied human penpheral blood B cells cultured in the
presence of Epstein-Barr virus (EBV) 10 induce IgE secretion and to enhance the secretion of
IgG and 1gM. Interferon-y (IFN-v) inhibits [gE secretion in this system. without affecting the
secretion of the other g 1sotypes. To identify the time period during which EBV-infected B cells
can be induced by IL-4 to secrete [gE. we have studied the effects of delayed addition of IL4. or
the termination of IL-4 stimulation by wash out or by neutralization with anu-iL-4 antibodies.
on the induction of an IgE response. To induce a maximal IgE response. 1L-4 had to be added
1o cultures of B cells plus EBV no later than 2 days after the initiation of culture. and had to
remain present through the tenth day of cuiture. These two time points correspond to the initiation
of detectable DNA synthesis (Days 3 1o 4) and the earliest detectable {g secretion (Days 10 to 12)
by EBV-stimulated B cells. No IgE response was induced if the period during which EBV-sumulated
B cells were cultured with 1L-4 was less than 4 days, or if IL-4 were added later than the tenth
day of culture, regardless of how long the culture was continued beyond that time. In contrast.
{L4 considerably enhanced IgG and IgM secretion and B cell CD23 expression. even if it was
added after the tenth day of culture. IFN-y strongly inhibited the IgE response of B ceils cuitured
with IL4 plus EBV if added within 6 days of the initiation of culture. but had little effect on the
generation of IgM or IgG responses made by these cells, regardless of the time of addition. Neither
IL-4 nor IFN-y affected ongoing IgE secretion by an established, IgE-secreting, EBV-transformed
cell line. These observations suggest that: (i) IL-4 first becomes able 10 induce EBV-activated B
cells to secrete IgE as these cells begin to synthesize DNA, must stimuiate B celis for at least 4
days to induce IgE secretion. and loses its ability to induce IgE secretion as these cells differentiate
into Ig-secreting cells: (ii) the ability of IFN-vy to suppress an igE response is limited to this same
time penod: and (iii) IL-4 enhancement of CD23 expression and IgM and IgG secretion are
independent of IL-4 induction of an IgE response.  © 1991 Academic Press. Inc.

INTRODUCTION

The prominent role of IgE in the pathogenesis of atopic disorders (1-3) and its
likely role in protective immunity against some helminthic parasites (4-7) have en-

' This work was supported in part by Uniformed Services University of the Health Sciences Protocol
R08308. National Institutes of Health Grant RO1 A121328, and Office of Naval Research and Development
Command N0007590WRO00008. The opinions and assertions contained herein are the pnivate ones of the
authors and are not 10 be construed as official or i.dlecting the views of the Department of Defense or the
Uniformed Services University of the Healtl: Sciences.
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couraged investigation of the regulation of production of this immunoglobufin i1sotvpe.
Much recent attention has been paid to the roles played by two cyviokines. interleukin-
4 (IL-4) and interferon-y (IFN-vy). in this regulatory process. IL-4 has been shown to
have pleiotropic effects on the immune system. which include enhancement of B cell
class I MHC (8). CD23 (9-12), and CD40 (13) expression. coinduction. with anti-lg
anubodies, of B cell proliferation ( 14), maintenance of proliferation by some activated
T cells (15). and costimulation of IgG1l secretion in mice (16. 17) and [gE secretion
in both mice and humans (18-25). The induction of IgE secretion involves a direct
effect of IL-4 on the B lymphocyte. since highly purified mouse B cells can be induced
to secrete IgE if cultured with 1L-4 plus LPS (18), and highly punfied human B ceils
can be induced to secrete IgE if cultured with IL-4 and infected with EBV (23). While
1L-4 also enhances igM and IgG secretion by EBV-infected human B cells. these effects
probably occur through a different mechanism than does the stimulation of IgE se-
cretion, which 1s observed later than the secretion of IgM and IgG and which requires
stimulation with higher 1L-4 concentrations (23). Higher IL-4 concentrations. and
more prolonged stimulation with 1L-4, are also required 10 induce IgE secreton. as
opposed to IgG1 secretion. in the murnne LPS system (26. 27). In both the munne
and human systems. the stimulatory effect of IL-4 on the IgE response can be inhibited
by IFN-y (28-30). which also inhibits many other. but not all. IL-4 effects (31-35).

The present study was undertaken to define the time period durning which 1L-4 can
induce EBV-infected human B cells to secrete IgE and to determine whether the in-
hibitory effect of IFN-y on the induction of IgE secretion bv EBV-infected cells is
limitzd to the same time period. Possible relationships between the penod that 114
and [FN-v influence [gE production and the initiation of DNA svnthesis and 1m-
munoglobulin production were also investigated. Furthermaore. it was of interest to
determine whether either IL-4 or IFN-vy can influence IgE secretion by established.
IgE-secreting, EBV-transformed B cell lines. Our observations indicate: (1) that 1L
can only stimulate the development of IgE secreting cells during the penod of time
following initiation of EBV-induced B cell proliferation and preceding imitiation of Ig
secretion by these cells: (1t) that IL-4 mus: be present for a minimum of 4 days dunng
this time period to stimulate IgE production; (i) that the stimulatory effect of [L-4
on CD23 expression and on IgM and IgG secretion bv EBV-infected cells is not limited
to this time period: (iv) that IFN-vy has an inhibitory effect on IgE secretion by EBV-
infected B cells during the same period that IL-4 has 1ts stimulatory effect: and (v)
that neither iL-4 nor IFN-y influence IgE secretion by an established. IgE-secreting.
EBV-transformed B celi line.

MATERIALS AND METHODS

B cell purification. Peripheral blood mononuclear cells were obtained by leuka-
pheresis of healthy normal donors and depleted of polymorphonuclear leukocytes.
erythrocytes, macrophages. NK cells, and T cells as previously descnibed (23). In the
resulting cell preparation 93-96% of cells bore the B cell-specific surface marker CD20
(B1) (Coulter. Hialeah. FL). while cells that were stained by fluorescein-labeled anti-
bodies specific for T cell. macrophage. or NK-specific markers (Leu 4. Leu M3, Leu
7. and Leu (1. Becton Dickinson. Mt. View. CA) were not detectable (less than 17).

* Abbreviations used: 1L-4. interleukin 4: IFN-y_ interferon-y: EBV. Epstein-Barr virus: LPS. lipopoly-
sacchande.
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The at  .e of cells that were stained by these fluores  -labeled antibodies cannot
be accounted for by blocking of antigenic determinants by unlabeled mouse mAbs,
since no cells were stained detectably by a fluorescein-labeled anti-mouse Ig antibody

Analvsis of Ig secretion. IgM. IgG. and IgE levels in supernatants of cultured cells
were analyzed by ELISA in 96-well flat-bottomed polystyrene microtiter plates (Dy-
natech. Alexandria, VA) as previously described (23).

Cytokines. Recombinamt human IL-4 was prepared and purified as previously de-
scribed (23). A concentration of 250 pg/ml of purified IL-4 had one unit of activity,
defined as that concentration required to stimulate half-maximal expression of mem-
brane CD23 by the human Burkitt iymphoma Jiyoye cell line. IFN-vy was a gift of the
Genetics Institute (Cambridge, MA).

Antibodies. A mouse mAb specific for human CD23. mAb 135 (36), was the generous
gift of Dr. G. Delespesse. (Montreal, Canada). A FITC-labeled goat antibody specific
for mouse Ig was purchased from Boehringer-Mannheim (Indianapolis. IN). A rabbit
antiserum specific for human IL-4 was prepared as described (37). The preparation
of a neutralizing mouse mAb specific for human IL-4 will be described in a separate
publication (C. Heusser et al.. manuscript in preparation).

Culture system. Purified B lymphocytes were infected with EBV by incubation of
107 cells at 37°C for 2 hr in | ml of culture medium with 3 X 10’ EBV infectious
units, derived from culture supernatants of the EBV-producing B95.8 marmoset cell
line. Cells were then diluted 1:100 in culture medium, after which 10° purified B
lymphocytes were cultured in 48-well culture plates (Costar, Cambndge, MA) in 1 ml
of Hybnicare Medium (American Type Culture Collection. Rockvilie. MD) supple-
mented with 10% fetal bovine serum (GIBCO, Gaithersberg. MD), 2 mAf L-glutamine,
0.5 mg/ml gentamicin, and 2 X 107> M 2-mercaptoethanol plus varying concentrations
of recombinant cytokines at 37°C in an atmosphere that contained 5% CO,. Every 7
days 50% of the culture medium was replaced with an equal volume: fresh cytokine,
at the initial concentration, was added only with the first replacement of medium.

Flow microfluorimetry. To quantitate CD23 expression by cultured, EBV-trans-
formed B cells. these cells were incubated inttially on ice with | ug of anti-CD23 mAb
or an isotype-matched control mAb, washed. sandwich-stained with FITC-goat anti-
mouse Ig antibody, washed again, and analyzed for surface fluorescence with a Coulter
Epics 753 flow cytometer, equipped with a three decade loganthmic amplifier.

RESULTS

Effect of delayed addition of IL-4 on the Ig secretory responses made by EBV-
infected B lymphocytes. To determine the time period after EBV infection that the
presence of IL-4 is first required for the induction of an IgE response. IL-4 was added
to purified B cells that were cultured with EBV at the initiation of culture or 2 to 12
days after the initiation of culture, and IgE, IgM, and IgG levels in culture supernatants
were determined 22 days after the initiation of culture. In six separate experiments,
no IgE was detected (<0.15 ng/ml) in supernatants of ceils cultured without IL4.
Addition of IL-4 to cultures 2 days after their initiation generated an IgE response
similar to that produced when IL-4 was added at the start of cultures: however, IgE
production was decreased by 40% if IL-4 were added 4 days after the start of culture,
and decreased further with later 1L-4 addition (Fig. 1). In five of these experiments
no IgE was produced if IL-4 were added 10 or 12 days after the initiation of culture
(Fig. 1). This lack of an IgE response when IL-4 was added 10 or more days after EBV




NETICS OF IL4 INDUCTION OF g SECRETI 411

120
E: 100]i
=5
3= 801
:g l
= 60
)
‘:E‘x 40

w

3o
o 20 T
a

0

0 2 4 6 8 10 12
Day of IL-4 Addition

FiG. . Effect of delaved addition of IL-4 on the IgE response made bv EBV-infected B Iy mphocyies.
Punfied human penipheral blood B lymphocyvtes were infected with EBV and were cultured at 10* cells;well
in | ml of medium. Fifty units/yml of recombinant human IL-4 was added on the indicated day of culture.
Day 22 culture supernatants were analyzed for {gE concentration by ELISA. Cultures were performed in
tnplicate in each expenment. Means and standard deviations of results obtained in six separate expenments
are shown. Supernatant IgE concentrations. observed when [L-3 was added at the imation of culture.
ranged from 5.5 10 40.2 ng/mi (mean x/+ SEM = 13.2 x/= 1.51). No detectable igE (<0.15 ng/ml) was
ever found when cells were cultured without {L-4.

infection does not simply reflect an inadequate period of time for {L-4 to have its
effects. since these cultures still failed to secrete detectable IgE when the culture period
was extended to 32 days (data not shown). [n contrast to this requirement for 1L-4
relatively early after EBV infection for the generation of a maximal IgE response.
addition of [L-4 to a culture of EBV-infected B cells 10 days after initiation still
enhanced 1gG production 5-fold and igM production 10-foid (Fig. 2).

Effect of washout or neutralization of IL-4 on the generation of an IgE response by
EBV-infected B lvmphocyies. To determine the duration of stimuiation wath 1L-4 that
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FiG. 2. Effect of late addition of 1L-4 on enhancement of 1gM and IgG secretion. In a single expenment,
purified B lymphocytes were infected with EBV and cultured with or without 50 U/mj of IL-4 asin Fig. |.
Recombinant human IL-4 was added to some cultures at the ume points indicated. IgM and IgG levels in

culture supernatants after 22 days of culture were determined by ELISA. Means of resuits from tnplicate
cultures are shown.
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1s required to induice EBV-infected B cells to secrete IgE. cultures in which peripheral
blood B cells were initially stimulated with both EBV and 11-4 were established. Two
to ten days later, IL-4 sumulation was eliminated by either washing the cells and
recultuning them 1n the absence of 1L-4 in three expenments (Fig. 3) or by adding a
polyclonal rabbit anti-human I1.-4 antibody (four expenments) or a monocional mouse
anti-human IL-4 aniibody (1wo experiments) to the cultures (Fig. 4). Elimination of
IL-4 stimulation by either method after 2, 4, or 6 days of culture completely blocked
the IgE response. Signtficant partial inhibition of that response was still observed when
IL-4 stimulation was eliminated 10 days after the initiation of culture. while neutral-
ization of IL-4 12 days after the start of culture was no longer inhtbitory. Combined
with the results of our earlier experiments, these observations localize the sumuiatory
effect of IL-4 on IgE production by EBV-infected human B cells to a penod 2 to 12
days after infection.

To determine the minimum period of time that the presence of IL-4 was required
to induce EBV-infected B cells to secrete IgE. IL-4 was added to B cells cultured with
EBV at the initiation of culture or 2 to 6 days later, and anti-{L.-4 mAb was later added
10 cultures to neutralize 1L-4 activity. In two separate experiments, the generation of
an IgE response required that 1L.-4 be present for 8 days if added at the start of culture,
for 6 days if added 2 or 4 days after the start of culture, and for 4 days if added 6 days
after the start of culture (Fig. 5). In all cases, further defay in the neutralization of IL-
4 resuited in larger IgE responses.

Effect of time of addition of [FN-y on [g secretion by B celis cultured with EBV
+ IL-4. To determine if the ability of IFN-y to inhibit the IgE response of B cells
cultured with EBV and IL-4 correlated temporally with the ability of [L-¢ to induce
this response, IFN-vy was added to B cells cultured with EBV plus [L-4 at the initiation
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FiG. 3. Determination of the duration of the L4 requirement for generation of an IgE response by EBV-
infected B cells by IL-4 washout. Punfied human penipheral blood B cells were infected with EBV and were
cultured with §L4 as in Fig. ). At the time points indicated. cells were aspirated from culture wells. washed
three times with 5-ml aliquots of cold PBS supplemented with {% fetal bovine serum, resuspended in culture
medium, and recultured without adjusting for cell number. Culture supernatants were harvested 22 days
after the stan of the iniual culture and assayed by ELISA for IgE concentration. Means and standard deviations
of the results obtained in three experiments are shown as percentage inhibition by washout of the {gE
responses obtained when cells were cultured with (L4 for the entire 22-day penod. Supernatant {gE con-
centrations observed when [L-4 was present for the entire penod of culture ranged from 5.5 to 40.2 ng/mi
{mean x/+ SEM = 13.5 x/+ 1.8).
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FIG. 4. Determination with anti-iL-4 anubodies of the duraton of the IL-4 requirement for generation
of an [gE response by EBV-infected B cells. Punified human penpheral blood B cells were infected with EBY
and were cultured with IL-4 as 1n Fig. 1. At the time points indicated. rabbit anti-human IL-4 antiserum (a
1:5000 dilution) or a punfied. mouse anti-human IL-4 mAb (5 ug/ml) was added to cuitures. Culture
supernatants were harvested on Day 22 and IgE concentrations were determined by ELISA. Means and
standard deviations of the resuits obtained in six experiments (four performed with rabbit anu-human (L.-
4, two with mouse anti-human |L-4) are shown as percentage inmbition of the response obtlained when no
anti-lL-$ antibody was added to cuitures. Supernatant IgE concentrations observed in different expenments
when no anu-IL-4 antibody was added ranged from 2.5 10 40.2 ng/ml (mean x/+ SEM = 149 x/= | 8).
Addition of control rabbit or mouse antibodies 10 cultures had no effect on IgE production (data not shown).

of culture or 2 to 10 days later. IgM. IgG, and IgE levels were determined after 22
days of culture. In three separate expennments, IFN-y added as late as the sixth day
of culture inhibited IgE production by an average of 60%, while addition on the eighth
day of culture inhibited IgE production by an average of 40%. and addition on Day
10 caused less than 20% inhibition (Fig. 6). The ability of IFN-vy to inhibit IgM and
IgG secretion in this system, determined in a single experiment. was much more
limited; littie or no inhibition was noted when this cytokine was added 2 or more days

100, Time of L4 Addition

= day 0

Eo 80 day 2

%2

gg 60 day 4

-— day §

Ce

Ex ©

oW

04—

6 2 4 6 8 10 t2 14
Day of Anti-iL.-4 Antibody Addition

FIG. 5. 1L-4 must be present for at least 4 days to induce EBV-infected B cells to secrete IgE. Punfied
human penpheral blood B cells were infected wath EBV and were cultured as in Fig. 1. 1L-4 (50 U/ml) and
mouse anti-human IL4 mAb (5 ug/ml) were added at the ume points shown. Cuiture supernatant igE
concentrations were determined by ELISA afler 22 days of culture. Data are shown as means of three
replicate cultures in each of two separate experiments for cach time point. compared 10 the supernatant igE
when IL-4 was present and anu-11.-4 mAb absent for the enure 22-day culture penod (4.2 and 31 ng/mi in
the two studies).
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FIG. 6. Effect of time of addition of I[FN-y on IgE secretion by B cells cultured with EBV plus IL4.
Purified human penpherat blood B celis were infected with EBV and were cultured with 50 U/ml of IL-4
as in Fig. 1. IFN-y (20 U/ml) was added at the time points indicated. and culture supernatant IgE concen-
trations were determined by ELISA after 22 days of culture. Data are expressed as the percentage suppression
of the IgE response induced by EBV plus IL-4 in the absence of IFN-vy. Means and standard deviations of
results from three separate expenments. performed with the studies dlustrated in Fig. 3 are shown. Cultures
to which no IFN-y was added ranged from 5.5 t0 40.2 ng/ml (mean x/+ SEM = 13.5 x/+ 1.8).

after the initiation of culture (Fig. 7). These data confirm our previous observation
that the suppressive effect of IFN-v in this system is specific for IgE (23), and indicate
that the time period during which IFN-v is abie to suppress IgE production is identical
to the period during which IL-4 can stimulate IgE production.

IgE secretion by EBV-infected B cells is influenced by IL-4 and IFN-y between the
onset of EBV-induced B cell proliferation ana Ig secretion. Qur above observations
indicate that the specific effects of IL-4 and IFN-v on IgE production by EBV-infected
B lymphocytes first become demonstrable approximately 2 days after the addition of
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FiG. 7. Effect of time of IFN-y addition on IgM and IgG secretion by B cells cultured with EBV plus IL-
4. Serum 1gM and IgG levels in Day 22 culture supernatants from one of the expenments shown 1n Fig. 6
were determined by ELISA. IFN-y was added to cultures at the times indicated or was omutted from cultures
(=). Data are expressed as means of three rephcate cultures for each ime point. compared to the IgG and
1gM responses made by EBV-infected cells cultured with neither IL-4 nor IFN-y.
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EBV to B cells and are no longer demonstrable if these cvtokines are added more than
10 to 12 days after the initiation of infection. To determine whether the timing of this
responsiveness might correlate with imponant events in B celi proliferation and dif-
ferentiation that follow infection of B cells with EBV. we determined the timing of
DNA synthesis ([?H]thymidine incorporation) and IgM secretion by punified B cells
cultured with EBV plus IL-4. DNA svnthesis was first detectable 3 to 4 days after the
initiation of culture, while IgM was first detected in cuiture supernatants after 10 to
12 days (Fig. 8). Thus. the [L-4 stimulatory effect on IgE production by EBV-intected
B cells first becomes evident as these cells begin to synthesize DNA_ and both the {L-
4 simulatory effect and the IFN-v inhibitorv effect on {gE production are lost as these
cells begin to secrete Ig.

EBV-transformed. IgE-secreting B cells respond (0 [L-4 with increased CD23
expression, but neither IL-4 nor [FN-y modulate IgE secretion by these cells. To de-
termine the abilities of 1L-4 and IFN-y to affect IgE production bv an established.
IgE-secreting, EBV-transtormed B cell line, B cells were inially cultured for 3 weeks
with EBV plus IL-4. then washed and recultured for | week in the absence of I1L-4.
Individual cells in the resulting EBV-transtormed cell population were secreting [gM.
1gG. or IgE (data not shown). Cells from this population were recultured a second
time with no added cytokine, [L-4. IFN-y. or both cytokines. and culture supernatants
were harvested and assaved for IgE every 5 days for the next 2 weeks (Fig. 9). No
effects of these cytokines on IgE production in this system were observed. Thus, IFN-
v loses its ability to inhibit IgE secretion in this system once EBV-transtormed B cells
become established as secretors of [gE. and 1L-4 is unable to sumulate IgE secretion
by EBV-transformed B cells that have become committed to the secretion of a ditferent
isotype. or to enhance IgE secretion by IgE-committed. EBV-transtormed B cells. To
determine whether the 1nability of [L-4 to enhance IgE secretion by established. EBV-
transformed B cells might be due to either the loss of 1L-4 receptor by these cells or
the inabulity of this receptor to signal transtormed cells. we investigated the ability of
IL-4 to exert another of its known effects on these cells: enhancement of CD23 expres-
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Fii. 8. Kinetics of DNA svathesss and IgM secreton by punfied B lvmphocvies cultured with EBY
Punfied human penpheral blood B cells were infected with EBV and cultured with 30 U/ml o! (L4 as
descnbed for Fig. 1. Cells were pulsed for 6 hr with 1 wCi of [*HJthymudine. at the ume points indicated. to
detect DNA svnthesis. Culture supernatants hanested at the tme points indicated were assaved by ELISA
for 1gM concentraton. All values shown are means obhtained from three replicate cultures
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FIG. 9. IL-4 and [FN-y do not affect IgE secretion by established. IgE secreting. EBV-transtormed B cells.
Punfied human penpheral blood B cells were infected with EBV and cultured with IL-4 (50 U/m for 35
days. then washed and cultured for an additional week without added cytokines. Cells were then washed
again and cultured at 10°/ml with no additional cytokines. 1L-4 (50 U/mly. iFN-y (20 U/mu). or both IL4
and IFN-vy. Culture supernatants were harvested 5. 10. and 15 davs after the inttiation of the tinal culture.

and were assaved for IgE concentration by ELISA. The means of values obtained from tnplicate cuitures
are shown.

sion (9-12). Although B cells cuitured for 16 days with EBV in the absence of 1L-4
express considerably more CD23 than do unstimulated human peripheral blood B
cells (38). cuiture of these EBV-transformed cells for an additional 2 days with 1L-4
stimulated an additional, approximately fourfold. increase in CD23 expression (Fig.
10). Thus. the inability of IL-4 to affect IgE secretion by B cells once they have been
transformed by EBYV is not a result of IL-4 receptor loss or a loss of the ability of this
receptor to transmit a signal to the B cell.

Relstive Cell Number

Log , Fluorescence Intensity

FiG. 10. L4 induces EBV-transformed B cells 10 increase their membrane expression of CD23. EBV-
infected human penpheral blood B lymphocytes were cultured without IL.-4 for 16 days, after which 50 U/
mi of [L-4 was added to one of two cultures. After an additional 2-day culture penod cells were stained with
either a mouse anti-human CD23 mAb or an isotype-matched control mAb, followed by FITC-labeled goat
anu-mouse Ig antibody. and analyzed for surface fluorescence with a flow microfluonmeter equipped with
a three decade log ampiifier. The fluorescence profile of cells stained with the control antibody is shown as
a sohd line; that of 1L-4-treated cells stained for CD23 is shown as a dashed line: and that of ceils cultured
without {L.-4 and stained for CD23 is shown as a dotted line. [L-4 treatment did not affect the fluorescence
profile of cells stained with the control antibody (not shown).
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DISCUSSION

The cninical role of IgE in the pathogenesis of atopic disorders has focused attention
on mechanisms that regulate the production of this immunoglobulin 1sotype. Several
studies in the mouse and in human have established that the T cell-produced cyvtokine
IL-4 is an important inducer of IgE responses (18-25). By contrast [FN-y has been
shown to inhibit IgE production. However, little is known about the mechanism of
action of both cytokines. In this study we try to delineate the timing requirement and
the stages during B cell activation that IL-4 and IFN-vy can affect IgE production. We
utilize a system in which purified B lvmphocytes are activated by infection with EBV
and induced by [L-4 to secrete IgE.

We show that [L-4 has to be present for a relatively extended penod of time, at
least 4 days, to induce any IgE production. and that maximum production 1s seen
when [L-4 is present for 8-10 days, starting the first 2 days of culture. Neutraiization
or washout of 114, added at the beginning of culture 6 days later, completely suppressed
IgE production. Addition of IL-4 after the tenth day of culture also failed to induce
detectable IgE production. In these same experiments DNA synthesis. as detected by
[*H]thymidine incorporation, starts approximately 3 days after the initiation of culture,
and [gM is first detected in measurable quantity 7 days later. Taken together these
observations suggest that IL-4 can act as an IgE inducing factor on activated B cells
that have already started to synthesize DNA but have not yet terminally differentiated
into Ig producing plasma cells. After this stage the loss of effect of IL-4 on the sum-
ulation of [gE secretion is not a result of a total loss of IL-4 responsiveness by these
cells. IL-4 can still enhance IgM and IgG secretion by EBV-infected cells. an effect
that is probably due to enhanced cell proliferation or survival (23), after it loses the
ability 10 stimulate an IgE response. In addition. most B cells, after culture with EBV
for 16 days, still increase their expression of CD23 when IL4 is subsequently added
to the culture medium. even though no IgE secretion is induced. This observation
does not exclude the possibility that precursors of IgE-secreting cells are distinct from
precursors of cells that secrete other Ig isotypes and that precursors of IgE secreting
cells, unlike precursors of IgG and IgM-secreting cells. lose all responsiveness to [L-4
after EBV-induced transformation. Since there is no evidence, however, that precursors
of IgE-secreting cells represent a distinct cell population, we favor the view that the
loss of effect of IL-4 on IgE secretion as EBV-infected cells start to secrete Ig results
from a loss in the ability of 1L-4 to induce the molecular events that lead to IgE
production.

The 4-day period of exposure to 1L-4 that is required for the induction of any IgE
secretion by human B cells cultured with EBV and the 8- to 10-day period of exposure
that is required for maximum IgE production, as opposed to the less than 24-hr ex-
posure to IL-4 that is sufficient to induce events such as increased CD23 or CD40
expression (13), are in agreement with and extend previous findings in mice. These
studies have demonstrated that IL-4 needs to be added to cultures no later than | day
after initial stimulation with LPS, and must remain in the culture for a penod of 3
days to induce IgE production (26, 27). However, 1L-4 stimulates increased la expres-
sion by mouse B cells in less than 24 hr (8). The observations on both mouse and
human support the view that [L-4 may be required to stimulate more than one mo-
lecular event during B cell differentiation to induce IgE commitment. Two such mo-
lecular events might be an increase in the accessibility of the Ce gene. which is reflected
by the synthesis of a stenile Ce transcript, and which has been shown to be IL-4 inducible




1N & mouse st 39-41), and a recombinauonal event that deletes Cyy genes located
between VDJ mi.  _'e. Recent reports indicate that [L-4 induce V-intected B cells
to develop into stable. IgE-secreting celis that have deleted the Cu and C+ loa1 (42,
43). It has also recently been shown that human PBL stimulated with [L-4 express a
1.75-kb germline Ce mRNA transcnipt after 4 davs in culture and that a 2.35-kb
mature mRNA appears later (44). While IL-4 is known to induce expression of the
sterile Ce transcript it is not vet known whether the continuous presence of [L-4 is
required for deletion of the Cy, genes between VDJ and Ce and expression of the
mature Ce transcript.

In addition to localizing the time of IL-4 action in the induction of [gE secretion
our expennments demonstrate that IFN-vy inhibits [gE production when added early
to cultures of EBV plus 1L-4 stimulated B cells. and is ineffective when added after
Day 10. even though IgE secretion has not vet begun. These observations strongly
suggest that IFN-vy inhibits commitment of B cells to IgE production rather than
production of IgE by alreadv commited cells. Furthermore. since IgE production by
EBV-transformed cells continues for a long time. it was possible to determine whether
ongoing IgE production could be modulated by 1FN-y and/or [L-4. Our results show
that neither cvtokine substantially influences ongoing IgE production by EBV-trans-
formed cells. No modulation of ongoing IgE secretion by IL-4 and IFN-+ has also
been observed in some. but not all. studies using nontransformed PBL from hyvper-
IgE syndrome and parasite-intected patients ((435). and J. de Vries and C. King. personai
communications).
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