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Immunomodulating Actions of Nucleotides: 
Enhancement of Immunoglobulin Production by 

Human Cord Blood Lymphocytes 
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ABSI'K,iCI'. \\'e have sliorvn previously that polynucleo- 
tides enllance in vitro antibody and Ig production in rc- 
sponse to T-dependent antigens in mice and augment Ig 
production by adult human peripheral blood mononuclcar 
cells. Ilcrein, we report their effects on umbilical cord 
blood mononuclear cells (CBRINC) obtained from full- 
term babies. CBhINC produccd much less IgRl/lgG and 
an almost negligible amount of IgA in response to various 
stimuli compared with adult pcriplieral blood mononuclcar 
cells. The supplementation of yeast RNA augmented spon- 
taneous and I-dependent lgRl ( p  < 0.01) but not IgG 
production by CBXIKC. This action was largely attribut- 
able to polynuclcotides, rrhicli appeared to exert their 
actions in a dose-dependent manner at  the initial stages of 
culture. 'l'lieir actions were dependent upon the presence 
of ?' cells, but they also enlianccd spontaneous lgh l  pro- 
duction by CBXINC in the absence of 'I' cells. I'rcincuba- 
tion of 'I' cells from CBhINC and periplieral blood mono- 
nuclear cells rvitb HNA for 3 h before the culture resulted 
in enhanced IghI production, independent of the stimulants 
used. 'l'lius, polynucleotides appcar to cscrt actions on 
immature human 'l' cells a s  \\-ell a s  otller lineage cells in 
ritro. 'l'hcir actions nlay be dependent on the presence or 
absence of antigens or otlier stimuli and the nature of the 
stimuli ('I' dependent versus 'I' independent). These findings 
may further support tlie potential importance of nuclcotides 
contained in human breast milk. (Pediutr Hes 34: 565-571, 
1993) 
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Neonates are born with a rclativcly underdcvclopcd inln1unc 
system, and an csponential expansion and maturation of lymph- 
oid organs occurs in carly infancy. Lymphocytes, kcy compo- 
nents in the immune system. havc a limited cap:rcity for ( I ( ,  1 1 0 1 . 0  

synthesis of nuclcotidcs. Whcn the human body groivs rapidly. 
as in carly inlhncy. Iymphocptes may be dependent on d ic tan  
nucleotides to mature and function \vcll. For this reason, the 
nuclcotidcs contained in breast milk may be of physiologic 
importance. Ncverthelcss. the actions of nuclcotidcs on Iyn~pho- 
cptc functions are still not \\ell understood. \\'c havc sho\vn 
before that polynuclcotidcs significantly enhance it1 ritro Ab/lg 
production in rcsponsc to TD-Ag but d o  not further Lrcilitatc 
polyclonal B cell activation in cspcrimental animal n~odcls  ( I .  
2). In humans. PBMNC from healthy adults produced more lghl 
and IgG in rcsponsc to TNP-KLH. a TD-Ag. and I'Whl. \vhich 
is a nonspecilic T-dependent stimul:int (3). Ho\vever. in~m:~turc 
human lymphocytcs appcar to be poorly responsive to T-dc- 
pendent stimuli (4-7). tvhich potentially undermines the signili- 
cancc of any enhancing action of RNA/polynuclcotides on Ah/ 
Ig!)roduction in early infancy. 

I'his study was thus forn~ulatcd to csaminc the efliects of ycast 
RNA preparations on immature human lymphocytcs by using 
CBMNC from IT babies. Wc demonstrated that polynuclcotides 
niainly enhance IgM production by CBMNC through exerting 
actions on both T and other lineage cclls. 

ICvpc~rirt~c~trltrl 1)c~si~ytl. Experiments were conducted to study 
several subjects. 

1) I l l  vi1ro 1,y [ ~ r o ( / l l ~ ~ l i f ~ t l  I)!, CII.\l'VC' it1 rc1.s[70tl.s(~ 1 0  7 ~ - ( I ~ ~ [ l ~ ~ l l ( l -  
cJn/ citrtl T- i t~t l ipc~t~~lc~t l t  s / i t , ~ ~ r l i  in prc.\cptlc.cl c!/'l(.V..I titlrl tt~otrotrlr- 
c.k,ori(lc~ t,~i.vl~rrc'. These csperimcnts were formulated to  dctcr- 
mine whether ycast RNA or a mononuclcotide nlisturc patterned 
alicr those present in human breast milk could enhance it1 vitro 
Ig production by CBMNC in a dose-dependent manner. 

2) I$/i~c~/.s ( ! / ' c ~ / ~ ( ~ t ~ ~ i c ( i l l j ~  ~ t ~ o ~ l ~ / ~ ~ ~ ~ l / ~ l ~ ~ ~ y r ~ i ~ l c ~ ~ l  l<;V..l o t ~  111  1>11ro l g  
/~rc~(l~rc./iotl 1))' C'll.\l~\'C'. This study \vas designed to cs:lminc 
\vhcthcr the in~niunomodulating actions of RNA on Ig produc- 
tion by CBMNC are attributable to  polynuclcotidcs o r  their 
degraded products. 

3) .\l(~c-/~(it~i.stt~.s ( ! / . ( i c~ io t~  ( ! /~RIY .~ l  0 1 1  111  vilro Icy / ~ r o ( / u c ~ i o t ~  /I!- 
C'll.\lh'C. These experiments were formulatcd to dctcrnlinc the 
target cell population for the actions of RNA and to esplore the 
n~cchanisms of the actions of RNA. We examined the following 
subjects: I )  cfkcts of time coursc of the addition of RNA to the 
culture. -7) cI1'ccts of RNA on proliferation of T cells and other 
linargc cells. 3) clkcts of dcpletion of T cclls from CBMNC on 
the actions of liNA. I )  clkcts of serum-free medium on the 
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actions of RNA, and 5) effects of preincubation of unseparated. 570 nnl with a refcrencc O D  of 630 nm. Con A ( I  pg/mL) was 
T-depleted, and T-enriched CBMNC with RNA before the used as a positive control. Results were expressed as S.1. by 
culture. dividing the value with that obtained in the absence of any 

CBMNC wcre obtained from IT newborns born in the delivery stimuli. 
ward at the University of Minnesota Hospital. They were born Rccr,yct~l.s. SAC (Pansorbin, Calbiocheni. San Diego, CA). 
to normal, healthy mothers, did not have any significant com- PWM (GIBCO-BRL, Gaithersburg. MD), and TNP-LPS (Sigma) 
plications in their perinatal periods. and had appropriate weights wcre obtained from tlie commercial sources indicated. Keyhole 
for their ages. Seventy percent of the cord blood samples were limpet hcmocyanin (Calbiochem) was modified with trinitro- 
obtained from babies born to  Caucasian females, and the rest of phenol in our laboratory as described elsewhere (8). Yeast RNA 
the samples were obtained from babies born to  black or Southeast used in this study werc used for the production of the commcr- 
Asian females. FT babies born to mothers with significant com- cially available formula (IMPACT) and kindly provided by San- 
plications such as diabetes mellitus, toxemia, or infection at the doz Nutrition Corp., Minneapolis, MN. The component oftliesc 
time of delivery were excluded from this study. As controls, RNA preparations had already been extensively analyzed by the 
PBMNC from healthy adult volunteers were used. Typically one company (RNA 9196, hydrolyzate of RNA 5.0%. cold acid- 
to two cord blood samples and one control sample were used in soluble fraction including sodiuni salts of n~ononucleotides 1.0%, 
each experiment. The methodologics used in this study were as  sugars 0.5%. and NaCl 2.5%). No significant cndotoxin contam- 
follows. ination was detected [Endotoxin contained was less than 1 ng/L 

Prcycrru/ion of Ccll Sir.spct~.siotl.r. CBMNC werc separated by in 10 g/L RNA solution (Toxicolor system, Scikagaku Kogyo. 
Ficoll-Hypaque gradient and washed three times with PBS. pH Tokyo. Japan)]. Further addition of polymyxin B, a specific 
7.4. T cells were depleted from PBMNC by E rosetting with endotoxin inhibitor (50 mg/L). did not inhibit the actions of 
neuraminidase-trcatedsheeprcd bloodcellsafterFicoll-Hypaque RNA on either PBMNC or CBMNC. The RNA preparations 
gradient. T-cell-enriched cell suspensions were also used in some wcre kept at -20°C in lyophilizcd form and dissolved into 
experiments after being placed in ice-cold NH4C1 (0.17 M)  for 5 diethylpyrocarbonatc-treated watcr on the day of tlie experi- 
min to lyse sheep red blood cells and washed three times in PBS. ment. Food and Drug Administration-approved purified nucleo- 
More than 95% of the cells in the T-cell-enriched cell suspen- tide monophosphates (AMP, cytidine monophosphate, GMP, 
sions expressed pan T-cell markers (CD3 and CD5). inosine monophosphate, and uridine monophosphate) that were 

Ig Prorlrrctiow /Is.~u!*. PBMNC were incubated for 7 to  14 d in used for the production of the infant forniula (SMA) were kindly 
RPMI 1640 supplemented with 2% FCS (Hyclone, Logan. UT), provided by Wycth-Aycrst Research. Philadelphia. PA. A stock 
penicillin and streptomycin (P  + S), hr-2-hydroxyethylpipera- solution of a mononuclcotide mixture was prepared (cytidinc 
zine-N'-2-ethanesulfonic acid, glutamine, and 2-mcrcaptoetha- monopliosphate 16.5 g/L. uridine nionophosphate 5 g/L. AMP 
no1 (lo-' M) ( lo9 cells/L) in 5-mL disposable plastic tubes 4 g/L. G M P  2 g/L. and inosine monopliosphate 2 g/L in 
(Costar, Cambridge, MA). In some experiments, FCS was re- diethylpyrocarbonate-treated watcr). The stock solution was ali- 
placed by a defined serum replacement product (TCM; 2%, quoted and kept at -20°C until the time of use. Typically, the 
CELOX Corp.. Hopkins. MN)  to test the effects of a serum-free mononucleotide mixture used in the esperimcnts was either a 
medium because FCS contains fair amounts of nucleosides and 1:1000 or  l : l0  000 dilution of this mixture. A 1:100 dilution of 
nuclcic acids. Stimuli used to potentiate Ig production included this stock solution corresponds to the concentration of each 
SAC (0.05 g/L) as a T-independent stimulant and PWM (1: 1000) nucleotide monophosphate contained in human brcast milk. 
as a T-dependent stimulant. TNP-KLH (10 mg/L) and TNP- Cl~c~rtiic~rrl ,\lorljficrrriot~ c!fliN,.l. The yeast RNA preparations 
LPS (2 mg/L) were used as TD-Ag and T-independent Ag. were cher~iically modified as follows: I )  RNA solution (2 g/L) 
respectively (8). Concentrations of stimuli used were those with was dialyzed and lyophilizcd without any other treatment (con- 
which the optimal actions of nucleotides were observed in both trol): 2 )  cytosine bases of RNA wcre modified with 3 M NHzOl I .  
humans and animals (1-3). After the incubation of cells in a 5% HCI, pH 6.2. for 5 d at 30°C, which resulted in tlie formation of 
COz incubator for 7 to 14 d at 37"C, supernatants were harvestcd, hydroxylaminated cytosine bascs ( I  1); 3) uridine bases of RNA 
0.2 g/L NaNl was added, and they wcre kept a t  4°C until the solutions were modified with 2 M NHZOH.HCI. pH 9.0, for 5 d 
time of use. IgG, IgM, and IgA levels in the harvested supernatant a t  30°C, which resulted in the formation of ribose oxime deriv- 
were measured by standard solid-phase ELlSA assay (9). Namely, atives via ribosyl urea (I 1): 4) RNA was decomposed by alkalin- 
plates for the ELISA assay (F96 Maxisorp, Nunc, Naperville, IL) ization (Korthoff buffer: 0.1 M Na2CO3-0. I M HCI, pH I 1 .O) 
were coated with anti-human Ig (10 mg/L) overnight at 4°C in for 20 min at  70°C, which resulted in 10% breakage of phospho- 
0.1 N NaHC0, coating buffer, pH 9.6, with 0.2 g/L NaN3. After dicster bonds in RNA (12); 5 )  RNA was decomposed with 
washing the plate with rinse buffer (PBS, pH 7.4. 0.05% Tween Korthoff buffer for 2 11 at 70°C. which resulted in 50% breakage 
20), samples were diluted with dilution buffer (0.05 M Tris, pH of phosphodiester bonds in RNA (12): and 6 )  RNA was oxidized 
8.1, MgClz 1 mM, NaCl 0.15 M, 0.05% Tween 20, 0.2 g/L with KMnOJ (26.4 mM, pH 6.7) for 30 min at 0". which was 
NaN3, and 10 g/L BSA) and incubated at room temperature for reported to  cause decomposition of most pyrimidine bascs in 
2 h. The plate was then washed with rinse buffer and incubated nucleotides and 20% of pyrimidine bases in transfer RNA (13). 
with a second Ab (Goat anti-human IgG-, IgM-, or IgA-alkaline Then RNA samples wcre dialyzed against 0.05 M NaCl once, 
phosphatase conjugate, 1: 1000 to 1:3000 dilution, Sigma Chem- against sterile distilled water three times, and then lyophilizcd 
ical Co., St. Louis, MO). The color was developed by adding and kept at -20°C until the time of use. During the period of 
substrate solution (104 Phosphatase Substrate Tablet, 1 tablet/5 dialysis, oligonucleotides smaller than 4 bp  were thought to be 
mL, Sigma). O D  at 410 nm was read by a n  ELISA reader. lost because the cutting molecular weight of dialyzing membrane 
Monoclonal human IgG. IgA. and IgM (Sigma) werc used as used was 1000. 
standards in each assay. 

L,-r)zr~hoc~-/c Prolifirulioti / I s . s ( I I ~ .  Cells (PBMNC, CBMNC, T- STATISTICS 
enriched cell suspensions. and ~ - d e ~ l e t e d  cell suspensions) were analysts \verc performed \vith the , or Welch.s 
incubated for 48 h in the presence of various stimuli (10' cells/ based on the of F ,, < 0.05 was considered to 
mL) in a 96-well flat-bottomed microtiter plate (Costar). Then significant. 
20 fiL of MTT 13-(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetra- 
zolium bromide, sigma, 1.5 m g / m ~  in PBS] was added to each RESULTS 
well (10). The plate was further incubated for 6 h in a 5% CO: 
incubator at  37"C, and then 100 fiL of 10% SDS/50% buthanol It1 J'itro I,kr I',nr/rrc.tiot? /q' CIl.IlNC it1 Rc~.s/)otl.sr~ l o  J'rrriolr.~ 
were added to each well. O D  was read by an ELISA reader at S/irnlrli. IgM, IgA, and IgG levels of the culture supernatant of 
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CBMNC were measured when cells were stimulated by PWM. 
SAC. TNP-KLH, and TNP-LPS for 7 d in the presence of yeast 
RNA or  the mononucleotide mixture. The results obtained in 
12 FT babies and in 14 adult volunteers arc summarized in 
Table 1.  CBMNC wcre almost nonresponsive to PWM and TNP- 
KLH, both of which are T-dependent stimuli. CBMNC re- 
sponded modestly to SAC and TNP-LPS for IgM production but 
not for IgG production. IgA production by CBMNC was virtually 
undetectable irrespective of the stimulus used. The supplemen- 
tation of RNA (0.1 g/L) appeared to enhance spontaneous IgM 
production by CBMNC. IgM production in response to PWM 
and TNP-KLH, both of which are T dependent, was also aug- 
mented by RNA to some extent (Table 1). These enhancing 
actions of RNA on IgM production by CBMNC appeared to be 
dose dependent (Fig. 1). Howcver, IgM production in response 
to  SAC or  TNP-LPS was not significantly enhanccd by RNA in 
either adults o r  newborns. IgG production by CBMNC in re- 
sponse to these stimuli was significantly less compared with that 
of PBMNC and was not appreciably altered in the presence of 
RNA. When cells were incubatcd for a longer period. adult 
PBMNC produced more IgG (>I000 ng/mL with PWM stimu- 
lation when incubatcd over 10 d). However, IgG or IgA produc- 
tion by CBMNC was not further augmented by the longer 
incubation period (data not shown). 

Effects of the mononucleotide mixture patterned after the 

n~ononuclcotide content in human breast niilk were also exam- 
ined. Bccause RNA enhanccd Ig production potentiated by 
PWM and TNP-KLH, we examined the effects of the mononu- 
clcotide mixture on Ig production potentiated by these s t in~u-  
lants. Supplementation with the mononucleotide mixture 
(1:lO'). the concentration of which may be close to that of 
mononuclcotides in the gut of breast-fed infants. instead mod- 
estly supprcssed Ig production (Table 1). A lower concentration 
of the mononuclcotide mixture (1: loJ and 1: 10' of stock solu- 
tion) did not alter Ig production by CBMNC either. A higher 
concentration of mononucleotides (1: 100 to 1 :500 of stock so- 
lution) even seemed to slightly suppress Ig production by 
CBMNC. IgM/lgG production by CBMNC in response to SAC 
and TNP-LPS was not altered in the presence of the mononu- 
clcotide mixture, as observed in the prcscnce of whole RNA 
preparations in two cxperimcnts. No detectable IgA was pro- 
duced by CBMNC in the prcscnce of the mononucleotide mix- 
turc (data not shown). 

I;(/~JL~/.Y of C/rc~t~~ic(i//j* A\/o(l~/;c(l RAt.1 oil Icy l'ro(I~rc~/iotl / ) j 9  
I-'B.\/AIC. RNA samples were modified as detailed in Materials 
and Methods. These chemically modified RNA samples were 
studied for their actions on Ig production by CBMNC in the 
presence of medium alone or PWM (1:lOOO). Changes of IgM 
production in four experiments wcre summarized in Table 2. 
Neither IgG nor IgA production by CBMNC were altered signif- 

Table I .  C'l1c1t1gc.s c!J'Ig l~rodtrc~/io,l I?j3 C'U.\lh'C i t )  rcl.s/)otl.scl l o  1,~riolr.s . s / i t ~ ~ ~ r l i  \t*irlr .s~r~~plrn??cltlrr~~iotl c!/'Rh.1* 
~- 

Ig production by CBhlNC in the presence of 
- - - 

Mononuclcotidc 
KNA niixturet 

No reagent (0.1 g/L) (1:1000) 
- 

Ighl production 
No stimulus 110 t 28.5 265 + 68.1 ( 1 1  < 0.05) 71.4 + 21.8 

(500 + 101) (832 + 130) (352 + 79.0) 
PWM 169 + 37.5 317 k 6 8 . 2 ( ~ < 0 . 0 1 )  84.9 a 23.7 

(1009 + 125) (1890 + 122) (787 + 152) 
SAC 6 4 4 +  I26 880 + 126 

(1093 + 212) (1621 + 283) 
TNP-KLI1 1 1 . 1  41.1 280 + 57.1 ( p  < 0.05) 76.1 t 20.7 

(701 + 144) (1234 + 102) (686 + 95.1) 
TNP-LI'S 545 + 100 623 + I I I 

(1009 +. 157) (I282 + I I I )  
IgG production (pg/L) 

No stimulus 53.8 + 16.5 7 1 .5 a 23.7 43.0 + 13.3 
(60.6 + 16.6) (64.2 + 19.5) (63.3 + 29.2) 

PWM 57.9 + 15.0 55.5 f 14.7 38.4 f 17.3 
(171 + 30.7) (310 + 37.1) (86.8 18.9) 

SAC 56.3 + 21.6 49.9 k 19.0 
(82.4 + 24.8) ( 135 + 19.4) 

TNP-KLH 29.6 a 9.1 34.9 + 9.5 28.5 + 20.7 
(56.9 + 22.0) ( I43  + 26.4) (6 1.8 + 20.2) 

TNP-LPS 53.6 + 8.1 47.4 + 7.5 
(53.1 -C 16.0) (88.5 + 25.0) 

IgA production (pg/L) 
No stiniulus c6 .25  <6.25 

(127 + 25.8) (142 + 17.1) 
PWM 6 . 2 5  ~ 6 . 2 5  

( I  19 ? 25.2) (164 ? 28.7) 
SAC (6.25 <6.25 

(148 + 33.3) (192 rC_ 33.4) 
TNP-KLH c6.25 4 . 2 5  

( I09  + 39.1) ( I00  + 31.0) 
TNP-LPS (6.25 <6.25 

( I28  + 39.1) (101 + 30.9) 

'These datli were obtained from 12 CBMNC samples from FT babies (>37 wk) .  Control valucs of Ig production produced by PUMNC lion1 I4 
healthy adult volunteers arc shown in parenthcscs. All Ig levels were expressed as nican + SEM. Concentrations of stimulants used to potentiate Ig 
production werc as follo\vs: PWM (1:1000). SAC (0.05 g/L). TNP-KLH (10 mg/L). and TNP-LPS (2 mg/L). 

t The efTects of the niononucleotidc nlixture werc tested on seven cord blood saniplcs from IT babies. 



Fig. 1. IgM production by CBMNC in the presence of various 
amounts of ycast RNA preparations. Spontaneous (@) and PWM 
(1:1000)-potentiated (0) IgM production werc examined. These are the 
results of four experiments. CBMNC werc obtained from four different 
individuals. 

Table 2. Cl~ut~~qc~s (!/I~q,ll prorlrrcliot~ h!? CB.\lh'C it1 prc~sa~cc o f  
Rhil n*itl~ ~'uriolrs cl~cr,iical rnorli/icutiot~.s* 

IgM production (pg/L) when 
potentiated with 

No stimulus PWM (I :  1000) 

No RNA 
RNA (0. I g/L) 
RNA I (0. I g/L) 
RNA 2 (0.1 g/L) 
RNA 3 (0. l g/L) 
RNA 4 (0. I g/L) 
RNA 5 (0.1 g/L) 
RNA 6 (0. l g/L) 

* RNA samples were treated as follo\vs: control RNA 1. dialyzed and 
lyophilized without any treatment: RNA 2 treated with 1 M NH2OlI. 
HCI. pH 6.2. for 5 d at 20°C to modify cytosine bascs: RNA 3 treated 
with 2 M NH2OH. HCI. pH 9.0. for 5 d at 30°C to modify uridinc hases: 
RNA 4 decomposed with alkaline (Korthoff buffer: 0.1 M NazCOz. pH 
11.0) for 20 rnin at 70°C: RNA 5 decomposed with alkaline (Korthoff 
buffer) for 2 h at 70°C: and RNA 6 oxidized with 24.6 m M  KMnO.4. 
pH 6.7. for 30 min at VC. Then all RNA samples were dialy~ed.  
lyophilizcd. and kept at -20°C until the time of use. 

t p values were obtained by comparing the IgM levels in each setting 
with those obtained in the presence of PWM and untreated RNA. 

icantly in the presence of these modified RNA samples (data not 
shown). Modification of RNA samples resulted in loss of most 
of their enhancing actions on IgM production by CBMNC in 
response to PWM. This was especially evident when RNA sam- 
ples were modified from cytosine or  uridine bascs, oxidized, o r  
degraded with alkaline (Korthoff buffer. pH 11) for 2 h at 70°C. 
Untreated RNA samples and control RNA samples that were 
dialyzed and lyophilized without any modification were equally 
effective. Because the cutting molecular weight of the dialyzing 
membrane used was 1000 and thus nucleotides smaller than 4 
bp  were lost during the dialysis, actions of RNA appeared to be 

largely attributable to  polynucleotides (molecular \%right > 
1000). 

.\lccl~at~i.srns c!f,lction of  Rh!J o t ~  111 I'ilro Icy Prodrrc!iot~ Oj' 
CBdlNC. 1) EiI;.c!.s of titllc colrrsc (?/' Rhr.+l s~rl~~~lctnc~t~trr!iotl 1 0  
c'rtlt~rrc~. RNA were added to the medium at 0, 1.  3, 5 ,  and 7 d of 
the culture of CBMNC in the prcscnce or absence of PWM 
(1:1000). The IgM levels in the supernatant at d 8 of the culture 
were examined. The results of four experiments using four cord 
blood samples are summarized in Figure 2. Spontaneous and 
PWM-potentiated IgM production was augmented most when 
RNA was supplemented at d 0 of the culture. The enhancing 
action of RNA was significantly reduced when RNA was added 
to the culture at d 3 or later. 

.?) c[/>c'ts o f  RNA oil prol~fircr!iorl ( ! f  T cc~1l.s rrtld otllc~r lit~c,rr~yc 
cclls. Unseparated cells. T-cell-enriched cell suspensions. and T- 
cell-depleted cell suspensions prepared from CBMNC or 
PBMNC were incubated for 2 d in the presence of RNA (0. I g/ 
L) or Con A (1 pg/mL), and their proliferative responscs werc 
studied by M T T  assay as described in Materials and Methods. 
In four experiments. control Con A induced significant lympho- 
cyte proliferation for PBMNC (S.I.: 8.3 ? 2.0 for T-cnrichcd 
cells, 6.8 ? 1.2 for T-depleted cells. and 15.2 + 4.8 for unscpa- 
rated PBMNC). Proliferative responscs of CBMNC to Con A 
were significantly less compared with those of PBMNC (S.I. of 
CBMNC to Con A: 9.9 ? 0.4 for T-enriched cclls, 1.5 + 0.2 for 
T-depleted cells, and 3.9 + 0.6 for unscparatcd CBMNC). In the 
presence of RNA, S.I. was less than 2 for all cell populations 
tested in both CBMNC and PBMNC. Thus, it may be concludcd 
that the ycast RNA preparations used d o  not enhance significant 
proliferation of cord blood lymphocytes. 

3) I:[/ilc./.r c?f'~/cpl~tion (!f T cilll.s otl r~c!iotn 01' RNA . C D2' T 
cells were depleted from CBMNC by E rosctting and IgM pro- 
duction by unseparated as well as T-depleted CBMNC was 
studied in the presence of medium only or  RNA (0.1 g/L). The 
results of four experiments were summarized in Table 3. Namely, 
the depletion of CD2' T cells completely abolished the enhancing 
actions of polynucleotides on PWM-potentiated IgM production 
by CBMNC as observed in PBMNC (3). RNA still appeared to 
moderately enhance spontancous Ig production by T-depleted 
cells (Table 3). However, interestingly. this spontaneous IgM 

Fig. 2. Time course of the supplementation of RNA to the culture. 
Yeast RNA reparations (0.1 g/L) were added to the culture at d 0. 1, 3. 
5. and 7 of the culture *hen cells were incubated with medium alone 
(a) or  PWM (1:1000) (0). Each data point rcpresents the mean value f 
SEM obtained in four experiments. In each caperinlent. CBMNC \$ere 
obtained from a different individual. 
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Table 3. .E[)?ct.s cfckplctiotl of T cc~1l.s or1 I,g prnr/lrctiotl hj9 
CB,lfh'C ( ~ t l ( /  I-'Il,Z/h'C* 

IgM production (pg/L) by 
2000 

Unscparated T-depleted T-enriched cells + 
cells cells T-depleted cells 

PBMNC 
No additives 705 + 221 582 + 31.3 417 + 31.1 

r- 7 
1500 

R N A  (0. I g/L) 000 ? 245 485 + 241 767 ? 63.5 .. I 

PWM (1:1000) 970 + 113 190 f 94.7 200 f 52.7 0, 

(1, < 0.05)t (11 < 0.05) 1 6 7 > 

PWM + RNA 1796f231 2 2 7 f 1 1 8  295aJ7.8 - - 
(0.1 g/L) (1, < 0.05) (1, < 0.05) - -- 1000 

CBMNC 
No additives 56.5k5.6 41.2-cI9.0 2 9 . 8 k l l . l  
RNA (0. I g/L) 129 + 13.8 153 k 29.3 208 f 16.6 

( p  < 0.02) 500 
PWM (1:1000) 62.2 k 21.5 43.7 + 14.3 28.0 k 14.3 
PWM + RNA 228 + 53.2 32.0 + 12.0 55.7 f 23.0 

(0.1 g/L) (1, < 0.02) ( p  < 0.05) 

* IgM production was measured in both PBMNC and CBhtNC by 0 
unseparated cclls. T-depleted cells. and T-enriched cells plus T-depleted 
cells in a diffusion chamber, in the presence of additives. The results 
were expressed as mean IgM levels + SEM. These are the results of four 
cxperimcnts. and in each experiment one PBMNC sample and one 
CBMNC sample were used. 

t Signilicantly lower or higher compared with the values obtained 
whcn unscprlrated cells were used. 

production by CBMNC appeared to be further augmented whcn 
T-depleted cclls were cocultured with T-enriched cells in a dif- 
fusion chamber, which does not permit cognitive interactions 
between T cells and non-T lineage cells. IgG production by 
CBMNC was minimal irrespective of the presence of T cells, 
although the depletion of T cells significantly reduced IgG pro- 
duction by adult PBMNC. 

4) Cficts o / ' s (~ r l r t )~~ fT (~~  t ) ~ o ( / i l o ) ~  oti ~ c t i o t l ~  (?fRIVI1. CBMNC 
were incubated in the presence of RNA in either a medium 
supplemented with 3% FCS or  a serum-frce mcdium supple- 
mented with serum replacement product, as detailed in Materials 
and Methods, for 7 d: IgM production by CBMNC in response 
to  PWM (1:1000) and SAC (0.005%) was examined. Polynuclc- 
otides enhanced IgM production by both PBMNC and CBMNC 
in response to PWM equally in a serum-free mcdium in a 
medium supplemented with FCS (Fig. 3 and data not shown). 
Responses to SAC were not significantly altered in the presence 
of polynucleotidcs irrespective of the mcdium used. 

5) Cfc~-t.~ ufpr[>it~clr/~(i t i (>t~ of lrti.~q7uru!c(/, T-( l t~ricl~c(/,  or T- 
d~~plcrcd CB,IfNC nirh Rh51 bcfi>rc clrltlrrr. T-enriched cells and 
T-depleted cells were prepared from both adult PBMNC and 
CBMNC and incubated with RNA (0. I g/L) for 3 h along with 
control unseparated cells and then washed three times with PBS 
before the culture of Ig production. Then cells were incubated 
for 7 d ,  and IgM production in the presence of PWM (1: 1000), 
SAC (0.005%). and RNA (0.1 g/L) were examined. In each 
experiment, one adult PBMNC and one CBMNC sample wcrc 
used. The results of six experiments were summarized in Table 
4. Namely, the incubation of both CBMNC and PBMNC with 
RNA before the culture enhanced Ig production in response to 
all stimulants used. This nonspecific augmentation of IgM pro- 
duction by preincubation of cells with RNA was not observed 
when cells were depleted of T cells. When T-enriched cells were 
preincubated with RNA separately before the coculture of T- 
depleted cells, this enhancing action of RNA was equally ob- 
served for both PBMNC and CBMNC, although the responses 
of CBMNC were significantly less than those of PRMNC (Table 
4). Alternatively, when T-depleted cclls were preincubated with 
RNA and cocultured with T-enriched cells. no significant en- 
hancement of IgM production was observed in two experiments 

--- KNA I'WH I'WM 
+ 

KNA 

--- HNA I'W I'm 
+ 

KNA 

Fig. 3. CBMNC (..I) and PBMNC ( / I )  were incubated in either a 
mcdium supplemented with 2% FCS (W)  or a serum-free medium (U), 
and the effects of yeast RNA preparations on spontaneous or PWM- 
potentiated Ig production wcrc examined. These are the results of five 

(data not shown). Thercforc, it may bc concluded that polynu- 
cleotides can augment IgM production by both CBMNC and 
PBMNC through T lineage cclls in the absence of Ag or nonspc- 
cific stimuli. 

DISCUSSION 

The objective of this study was to examine whether the nuclc- 
otides contained in breast milk contribute significantly to the 
maturation of the immune system in early infancy. Although 
breast milk has long been known to contain a significant amount 
of nucleotides (14). the nutritional importance of nucleotides is 
not well established or  understood. Consequently, most infant 
formulas are not fortified with nucleotides. We and others have 
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Table 4. I<[fiicts c?fpr~-ir~c~rh~tiot~ (!/'CB,\/NC 1i~it11 RN.1 1)rior to tlrc clrltrrrc1 of Icy ~)r.o(/lic.tiot~ * 
- 

IgM production (rg/L) 
- ~- -- 

No st in~ulus I'W M ( 1 : 1000) 
.. -. 

SAC (0.005:';) 
. .. 

PBMNC (adults) 
Unscparated cells (no incubation with RNA) 2 1 6 + 65.2 748 + 135 I I44 + 143 
Unseparated cells (preincubated with RNA) 461 + 200 I 138 k 84.0 I434 + 99.2 

(1) < 0.05) 
T-depleted cells (preincubated with RNA) 292 + 60.5 320 + 62.6 952 * 158 
T-enriched cells (preincubatcd with RNA)t  222 + 76.8 1190+ 191 1390+ I84 

( I > <  0.1) 
CBMNC 

Unseparated cells (no  incubation with RNA) 29.9 + 12.3 47.3 +. 46.6 400 f 30.1 
Unseparatcd cells (preincubated with RNA) 102 + 30.7 192 + 23.2 6 1 7 +  104 

(11 < 0.00 1 ) (1, < 0.05) 
T-depleted cells (preincubated with RNA) 12.4 + 4.1 21.8 + 5.3 240 f 46.5 
T-enriched cells (preincubated with RNA) 58.2 + 31.3 131 + 27.2 4x7 + 45.4 

( p  < 0.05) 
- . .. 

( p  < 0.05) 
~~ - . 

* Unscparated, T-enriched. and T-depleted cells were preincubated wit11 RNA (0.1 g/L) for 3 h. washed \vcll. and tested for Ig production in 
response to PWM. SAC. and RNA. After a 7-d culturc. the culture supernatant was tested for IgM levels by ELlSA as dctailcd in Materials and 
Methods. 

t T-enriched cells were preincubated with RNA (0.1 g/L) for 3 h, washcd \vcll. and cocultured with T-depleted cells. The ratio of T-enriched cclls 
to T-depleted cells used in thcsc cxperimcnts was 4:l. In two expcrinients. T-enriched cells incubated for 3 h without RNA did not significantly 
enhance IgM production in response to SAC or  PWM. 

shown the potentially significant immunomodulating actions of 
RNA in both animals and humans both it1 v i ~ w  and it1 vi1r.o ( 1 -  
3, 15-19). Most of these studies were carried out by using mature 
lymphocytes. Because neonates are born with relatively imma- 
ture immune systems and d o  not reach a mature state of im- 
munity before 2 y of age (20). it may be diflicult to assess the 
immunomodulating actions of nucleotides in breast milk based 
on the results obtained in mature lymphocytes. Cord blood T 
lymphocytes arc phenotypically and functionally immature. 
lacking the features of memory T cells and providing poor helper 
functions to B cclls (4-7). Cord blood B cclls are also phenotyp- 
ically distinct from mature peripheral blood B cells with increased 
expression of CD23 and CD5 (2 1 ,  22) and are probably func- 
tionally immature (7). Thus, in this study we attenlpted to study 
the actions of nucleotides on immature human lymphocytes by 
using CBMNC. 

CBMNC from FT babies produced much less IgM or IgG in 
response to  various stimuli, consistent with othcr reports (4-7). 
IgA production was minimal irrespective of the  stimuli provided. 
However, RNA enhanced IgM production significantly in rc- 
sponse to  PWM and TNP-KLH. Unlike PBMNC, IgG produc- 
tion by CBMNC was not significantly altered in the prescnce of 
RNA. Spontaneous IgM production by CBMNC also appeared 
to be augmented in the presence of RNA. This enhancing action 
of RNA on IgM production by CBMNC was not appreciably 
demonstrated by the mononucleotidc mixture and was signifi- 
cantly reduced when RNA was decomposed with alkali o r  mod- 
ified pyrimidine bases or oxidized. RNA samples deprived of 
oligonucleotide (molecular weight < 1000) did not lose their 
enhancing action on IgM production by CBMNC. In previous 
studies, we have shown that yeast RNA samples used in this 
study already degraded into < 1  kbp when denatured with glyoxal. 
and their action was greatly reduced by RNAse treatment ( I ) .  
Thus, it may be concluded that this enhancing action of RNA 
could be attributed to  polypeptides (molecular weight > 1000, 
corresponding to nucleotides larger than 4 bp  but perhaps smaller 
than 1 kbp) as observed in PBMNC (3). 

This assumption naturally raises the question of how polynu- 
cleotides exert their actions on CBMNC, because they may be 
rapidly degraded by abundant RNAse in the cell membranes. 
Optimal enhancement of IgM/IgG production by adult PBMNC 
was obtained whcn both T cells and RNA were present during 

the initial stage of the culturc of lg production (3). The previous 
data obtained in mice suggest that polynucleotides augment 
specific Ab responses to TD-Ag partly through modulating the 
cognitive cell-cell interactions betwecn T cclls and Ag-presenting 
cells in the initial stage of Ag presentation (23). In this study. u c  
have also observed that the enhancing action of polynucleotides 
on IgM production by CBMNC was dose dependent and most 
effective whcn supplemented at the initial period of the culturc. 
Previously, we found that polynucleotides are moderately mito- 
genic to  murinc spleen lymphocytes but not to immature Iym- 
phocytes (thymocytcs) ( I ) .  In this study. we observed that yeast 
RNA preparations were only marginally mitogenic to both T 
and non-T cells in both PBMNC and CBMNC. We also found 
that polynucleotidcs were equally etTectivc in serum-free culture 
conditions, indicating that extracellular adherent niolecules in- 
cluding fibroncctin and vitronectin are not actively involved in 
this enhancing action of nucleotides. We postulate that polynu- 
cleotidcs exert their actions on various cell surface molecules of 
lymphocytes and othcr lineage cells before being degraded to 
modulate humoral immune responses. Such actions of polynu- 
clcotidcs could be observed locally in the site of inflammation 
and consequent cell destruction. 

We also demonstrated that the depletion of T cells abolished 
the enhanced actions of RNA on IgM production to TD-Ag in 
CBMNC as observed in adult PBMNC (3). The depletion of T 
cells did not suppress augmented spontaneous IgM production 
by RNA in CBMNC. The preincubation of cells with polynucle- 
otidcs for a short pcriod before the culturc was sufficient to 
enhance spontaneous or potentiated IgM production in both 
CBMNC and PBMNC. This nonspecific activation of Ig produc- 
tion in response to T-dependent as well as T-independent stimuli 
still seemed to be largely dependent on the prescnce of T cells. 

In light of these contradictory results. we speculate that there 
arc two different immunomodulating actions of polynucleotides. 
One is the nonspecific activation of T cells and perhaps other 
lineage cells as well. The other is the more specific actions on T- 
helpcr cclls and Ag-presenting cclls at the stage of Ag presenta- 
tion. Comparing the different responses of PBMNC and 
CBMNC, the enhancing actions of polynucleotides on specific 
Ag responses may be rclativcly weak in CBMNC, reflecting the 
presence of functionally immature T helper lymphocytes. 

CBMNC are abundant in CD5' Bl cells. This minor B cell 
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subset is thought to  produce low-affinity polyclonal IgM anti- 
bodies. which are often cross-reactive to various pathogens en- 
countered in the gastrointestinal tract and thus are postulated to  
function in the first-line, primitive immunc defense system (24). 
Enhanced spontaneous IgM production by CBMNC in the prcs- 
ence of RNA may be attributed to the activation of B1 cclls by 
polynucleotides. This may be beneficial for newborns who are 
exposed to various environmental pathogens for the first time, 
providing more protection by natural antibodies in addition to  
the maternally derived passive antibodies. However. BI cells 
appear to contain self-reactive B cell clones. which may be 
negatively regulated by yet unknown mechanisms perhaps in- 
volving Ag stimuli and T helper cells (22). 

It was also observed in this study that the absence of cell-cell 
interactions between T and B cells in CBMNC may further 
augment Ig production in the presence of polynucleotides, and 
the brief incubation of T-enriched cclls with RNA ( 3  h) before 
the culture nonspccifically enhanced IgM production by 
CBMNC in response to  both T-dependent and T-independent 
stimuli. However, whcn cell-cell interactions are permitted. only 
Ig production in response to  T-dependent stimuli appeared to be 
augmented in the presence of polynuclcotides. These results may 
indicate that during the period of cognitive cell-cell interactions 
between T and other lineage cells, excessive nonspecific activa- 
tion of both T and B cclls was suppressed. Polynucleotides may 
augment this suppressive action further, perhaps through T 
lineage cells. 

In summary, results obtained in this study demonstrated that 
polynucleotides exert significant immunomodulating actions on 
both T and non-T lineage cells in CBMNC, but their enhancing 
actions on Ig production may be limited to  IgM in immature 
human lymphocytes. We have observed a profound decrease of 
humoral immunc responses to TD-Ag in animals fed a nucleo- 
tide-free diet: thcsc decreased responses were easily rcstorcd by 
supplementation with RNA or a mononuclcotidc/nucleoside 
mixture (25). The mononucleotidc/nucleoside mixture did not 
enhance it1 virro Ab production either (unpublished observa- 
tions). Thus, it may be postulated that exogenous mononucleo- 
tides and nucleosides are incorporated into the tissue nucleotide 
pool relatively rapidly when the body's requirement surpasses cicl 
t lovo synthesis of nucleotides, consequently the immunomodu- 
lating actions of polynucleotides would be restored. This could 
very likely occur in early infancy whcn the body is in rapid 
growth. In this regard, exogenous nucleotides may have potential 
importance during early infancy, which should be taken into 
consideration when feeding nutritionally deprived infants. 
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