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Summary 

Ribonucleic acid extracts of lymphoid cells from 

immune hosts were used to transfer in vivo and 

in vitro cell-mediated immune reactivity to a 

variety of antigens. The in vivo immune re- 

sponses transferred by RNA included the de- 

layed cutaneous hypersensitivity reaction to 

fungal and chemically-defined antigens and the 

tumor-rejection reaction to guinea pig 

hepatoma antigens. The in vitro immune re- 

sponses transferred by RNA included macrophage 

migration inhibition by fungal, chemically- 

defined, and tumor antigens. The transfer activ- 

ity of RNA preparations was contained in the 

8 s to 18 s species of RNA and was sensitive to 

RNase but not to DNase or trypsin. Antigen 

was not detectable in the RNA preparations 

and appeared to have no role in the transfer 

activity. Syngeneic, allogeneic, or xenogeneic 

sources of RNA could transfer immune reactiv- 

ity. In each system tested, the transfer of 

cell-mediated reactivity by RNA was specific for 

the antigen used to sensitize the RNA donor. 

The potential use of RNA-mediated transfer of 

immunity is discussed. 

Introduction 

It is recognized that immunological reactions 

classified as cell-mediated can be transferred to a 
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suitable host by lymphoid cells but not by serum 

antibodies. The type of cells mediating the 

transfer are thymus-derived lymphocytes (T 

cells) that demonstrate specific reactivity to the 

sensitizing antigen and appear to be an obligat- 

ory component in the rejection of histo- 

incompatible grafts, the delayed-type hyper- 

sensitivity (DTH) skin test reaction, the graft- 

vs-host reaction, the production of many lym- 

phokines, and the rejection of many types of 

tumors. 

Since 1967, our laboratory has studied the 

transfer of cellular immunity with RNA ex- 

tracted from the lymphoid tissues of immune 

donors. The active principal in these extracts, 

usually referred to as "immune-RNA" (I-RNA) 

is obtained by the hot]cold phenol method of 

SCHERRER and DARNELL 1 with some modifica- 

tions of o u r  o w n  2'3. O u r  studies encompass 

human, monkey, guinea pig, and murine sys- 

tems and include both in vitro and in vivo 

transfer methodology. We have observed that 

the transfer of cellular immunity by I-RNA is 

specific for the antigen used to sensitize the 

RNA donor and is not restricted by species 

barriers. Thus, cellular immunity to a wide 

variety of antigens has been transferred in 

xenogeneic, allogeneic, and syngeneic model 

systems (Fig. 1). The purpose of this article is to 

relate our experience in transferring cellular 

immunity with I-RNA, to consider the problems 

we have encountered, and to explore the pros- 

pects for further application of I-RNA. 
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Fig. 1. Transfer of Cellular Immunity with Immune RNA extracts 

Materials and Methods 

All of the methods which we have employed in 

our studies have been described in detail in the 

review by PAQUE 4, and therefore, will not be 

dealt with in depth here. A brief description of 

the essential technology involved in I-RNA 

transfer is Presented. 

Assays. 

To assess I-RNA mediated transfer of cellular 

immunity by lymphokine production, we have 

relied upon the in vitro macrophage migration 

inhibition assay in which antigen-sensitized T 

cells, when stimulated with the sensitizing an- 

tigen, elaborate a proteinaceous substance, mig- 

ration inhibition factor (MIF), which inhibits the 

migration of lymphoid cells in tissue culture 

(Fig. 2). We have employed two distinct MIF 
assays in our studies, one relying on the 

migration of cells from capillary tubes set into 

Sykes-Moore chambers and the other relying on 

the migration of cells from a microdroplet of 

cells suspended in agarose 5'6. Lymphoid cell 

populations consisting of spleen, lymph node, 

and]or peritoneal exudate cells have been used 

in both a direct and an indirect MIF assay. 

Fig. 2. Typical examples of the migration ot n0nsensitive 

guinea pig p.e. cells from capillary tubes, in Sykes-Moors 

chambers containing no antigen, PPD, or coccidioidin, 

before and after the cells were incubated with RNA extracts 

of lymph nodes and spleen from nonsensitive, PPD sensi- 

tive, or coccidioidin-sensitive guinea pigs. (From Jureziz et  

al.  7 Reproduced by permission of the Journal of 

Immunology.) 
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The direct MIF assay is performed by cultur- 

ing lymphoid cells in the presence or absence of 

the specific sensitizing antigen for 24-48 hr. Upon 

completion of the incubation period, the areas 

of cellular migration are measured and a com- 

parison between the migration area of inhibited 

cells stimulated with antigen and control cells 

not stimulated with antigen is expressed quan- 

titatively by a mean migration index 7. This 

permits a determination of the 95% confidence 

interval for the significance of the variation in 

migration areas of inhibited and noninhibited 

cell cultures. A statistical study of the MIF 

assay by BERGSTRAND and KALLEN 8 has estab- 

lished a criteria for a positive response in this 

assay so that we consider Mean migration 

indices (MI) of 60% or less as clearly positive 

and Mean migration indices of 80% or greater 

as essentially negative. 

The indirect MIF assay takes advantage of 

the fact that the MIF lymphokine, when present 

in tissue culture fluids, can be detected with 

nonsensitive guinea pig peritoneal exudate cells 

PEC 9'1°. This technique is applied primarily to 

assess MIF production from human lymphoid 

cells since a suitably migrating population of 

human cells is often difficult to obtain. Nonsen- 

sitive human lymphoid cells are treated with 

I-RNA and subsequently cultured for 24-48 hr 

in the presence or absence of antigen. At the 

end of the incubation period, the culture super- 

natants are harvested and tested for the pres- 

ence of MIF with nonsensitive guinea pig PEC. 

The calculation of a mean migration index is 

made in the same manner used for the direct 

MIF assay. The MIF assay has proven to be 

extremely useful for our purposes since elicita- 

tion of MIF is antigenically specific, activity 

reflected in the assay correlates well with the in 

vivo delayed type hypersensitivity skin test, and 

experiments can be performed with human 

lymphoid tissues (by the indirect MIF assay) 

without subjecting donors to untoward experi- 

mental risks. 

To a lesser extent, we have relied upon in 

vivo tests to study the transfer of cellular 

immunity with I-RNA since the number of 

RNA-treated cells required for these tests is 

usuaily large and the biological variability inher- 

ent in the recipients of RNA-treated cells is 

difficult to control. The in vivo tests which we 

have used to demonstrate the transfer of 

cellular immunity with I-RNA include delayed 

type hypersensitivity (DTH) skin tests and 

tumor regression, both phenomena usually 

being dependent upon the presence of specific- 

ally sensitized T cells. Delayed type hypersen- 

sitivity skin test reactions are due to the influx 

of mononuclear leukocytes, particularly T cells 

and macrophages, into the site of antigen injec- 

tion 24-48 hr after antigenic challenge. A posi- 

tive test is characterized by the elicitation of an 

indurated lesion of at least 5 mm diameter with 

or without accompanying erythema. The deter- 

mination of tumor regression for progressively 

growing solid tumors is accomplished by com- 

paring the diameters of tumor papules at multi- 

ple intervals prior to and following the onset of 

therapy. 

Antigens. 

Our studies have employed a wide variety of 

antigens to sensitize I-RNA donors to a state of 

cellular immunity. The initial studies relied on 

relatively crude fungal or bacterial antigens such 

as Purified Protein Derivative of Mycobacteria 

(PPD), Keyhole Limpet Hemocyanin (KLH), 

histoplasmin, and coccidioidin which are all 

known to elicit cellular immunity in the im- 

munized host. With these antigens, specific 

immunological reactivity could be transferred to 

nonsensitive cells but some of these antigens 

exert mitogenic effects on lymphoid cells that 

could lead to ambiguous results in the MIF 

assay. For these reasons, our later studies relied 

in part on antigens of known chemical structure 

which were demonstrably not mitogenic. One 

such antigen is a low MW (486) molecule, 

mono-(p-azobenzenearsonate)-N-chloroacetyl-L- 

tyrosine, (ARS-NAT). Guinea pigs immunized 

with ARS-NAT emulsified in Freund's complete 

adjuvant develop DTH and MIF reactivity 

to this antigen 11. We have also used, as chemi- 

cally defined antigens, a series of DNP- 

oligolysine conjugates. Both alpha-DNP- 

oligolysines and epsilon-DNP-oligolysines were 

used to immunize RNA donors who manifested 

DTH and MIF reactivity upon antigenic chal- 

lenge. The DNP-oligolysines proved particularly 

suitable for certain RNA transfer experiments 

since responsiveness to these antigens in the 

guinea pig is known to be controlled by an 

autosomal dominant immune response gene 

which is lacking in one strain of inbred guinea 
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pigs. We have also employed tumor antigens in 

our studies utilizing I-RNA to transfer cellular 

immunity. Typically, the tumor antigens were 

extracted from tumor cells with 3M KC1 by the 

methods of REISFELD and KAHAN 12 and MELTZER 

et al. 13. The extraction procedure provides an- 

tigens which are soluble by the criteria of high 

speed centrifugation, free of toxic particulates 

with mitogenic activity, and capable of eliciting 

DTH and MIF reactivity upon challenge of im- 

mune donors or their cells. Both a guinea pig 

hepatoma tumor system and a murine plas- 

macytoma system were studied. 

Extraction of I -RNA,  incubation with lymphoid 

cells, and Sucrose density gradient centrifugation. 

The method used to extract I-RNA from the 

lymphoid tissues of immune donors is patterned 

after the procedure developed by SCHERRER and 

DARNELL 1 with modifications by THOR and 

DRAY 2 and PAOUE and DRAY 3. This procedure is 

generally referred to as the hot/cold phenol 

method and is dependent upon the ability of hot 

phenol to rapidly denature chromosomal pro- 

teins. Under the conditions of the procedure, 

most of the DNA (greater than 95%) remains 

insoluble and the denatured proteins are pre- 

cipitated with associated DNA. Briefly, freshly 

prepared or frozen tissues are homogenized in a 

solution of cold phenol and sodium acetate 

buffer (pH 5.1) at 4 °C for 15 min. At the end of 

the homogenization period, an equal volume of 

sodium acetate buffer is added to the homoge- 

nate which is then heated to 55 °C and rapidly 

cooled to 4 °C, 3 to 4 times. Following the last ex- 

traction, the aqueous phase containing RNA is 

precipitated overnight with chilled 95% ethanol 

2 to 3 times and stored at -20  °C until use, Lymph- 

oid cells to be treated with RNA are washed in 

isotonic medium and resuspended in either Hanks' 

Balanced Salt Solution (HBSS) incorporating 

0.3 M RNase-free sucrose and 2 units/ml heparin, 

or serum-free RPMI medium (0.5-2.0 ml). RNA 

(200/xg to 2 mg) is added to the cell suspension 

(2 × 10 6 to  1 × 10 9 cells) which is then incubated 

on a shaking water bath for 15-30 min at 37 °C. 

Upon completion of the incubation period, the 

cells are washed in tissue culture medium prior 

to initiating the in vitro or in vivo assessment of 

RNA transfer. The biochemical integrity of the 

I-RNA obtained by the hot/cold phenol extrac- 

tion procedure is evaluated by sucrose density 

gradient centrifugation. Approximately 125/~g 

of RNA dissolved in 0.11 M sodium acetate 

buffer is layered onto a linear, 5-40% sucrose 

gradient which is then centrifuged at 

28,000 rpm at 4 °C for 18 hr. After centrifuga- 

tion, the sucrose gradients are fractionated with 

an ISCO Model D sucrose density fractionator 

and optically analyzed at 254 m/z with an ISCO 

Model UA-2 analyzer. 

Results 

The ability to transfer immunological respon- 

siveness to a recipient host with allogeneic or 

xenogeneic lymphoid cells is restricted by host 

reactions to histocompatibility antigens of the 

transferred cells or by graft-vs-host reactions of 

the transferred cells to host tissue antigens. 

Moreover, host immunological responses are 

restricted by genetic and/or immunologic 

control mechanisms. The employment of I-RNA 

to transfer cell-mediated immunity is aimed at 

circumventing the complications engendered in 

recipients of incompatible cells and at eliciting 

phenotypic activity in lymphoid cells whose 

activity would otherwise be restricted genetically 

or immunologically. 

Transfer of cellular immunity with allogeneic 

I- RNA.  

The investigations in our laboratory began with 

allogeneic transfers in man 2'14"15. Allogeneic 

I-RNA was prepared from lymph nodes of 

humans hypersensitive to PPD or histoplasmin 

and used to transfer MIF reactivity to nonsensi- 

tive human lymph node cells. The targets of  

transfer were 72 hr cultured lymph node cells 

whose in vitro migratory activity was sufficient 

to allow assessment of MIF production. Single 

lymph node cell suspensions from a human 

donor who had negative skin test reactions to 

both PPD and histoplasmin and whose cells 

were not inhibited in their migration by either 

antigen were incubated with 400-600/xg of 

RNA prepared from lymph nodes of a patient 

exhibiting strong skin test and MIF reactivity to 

both antigens. In this example, dual transfer of 

PPD and histoplasmin reactivity was obtained as 

demonstrated by the subsequent inhibition of 

migration of RNA-treated cells in the presence 

of purified protein derivative (PPD) (MI = 18%) 
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or histoplasmin (MI= 22%). Antigenic specific- 

ity of transfer was shown utilizing different 

preparations of RNA from patients exhibiting 

either strong reactivity to histoplasmin or to 

PPD but not both. With the histoplasmin-I- 

RNA preparation, histoplasmin sensitivity was 

transferred (MI = 14%) to nonsensitive cells but 

PPD sensitivity was not (MI = 102%); while 

with the PPD-I-RNA preparation, PPD sen- 

sitivity was transferred (MI = 21%) but histoplas- 

min sensitivity was not (MI = 101%). RNA- 

treated cells that were not stimulated with 

antigen were not inhibited in their migration. 

Allogeneic sources of I-RNA have also been 

prepared in guinea pigs and used to transfer 

MIF reactivity to PPD 7A6, coccidioidin 7, alpha 

DNP-oligolysines 16, epsilon DNP-oligolysines 16 

and ARS-NAT 17. RNA from random-bred guinea 

pigs hyperimmunized to BCG or coccidioidin 

was used to transfer MIF reactivity for these 

antigens to PEC from random bred nonsensitive 

albino guinea pigs. Neither the antigen alone 

nor RNA extracts from unimmunized guinea 

pigs were able to convert these cells to a state 

of sensitivity ruling out a mitogenic effect for 

these antigens on guinea pig PEC. 

Allogeneic I-RNA was used by PAOUE et al. 

to transfer MIF reactivity for the chemically 

defined antigens alpha DNP-oligolysines and 

epsilon-DNP-oligolysines to PEC from genetic 

nonresponder Strain-13 guinea pigs. Strain-2 

guinea pigs which are genetically capable of 

strong reactivity to DNP-oligolysines served as 

donors of I-RNA which was used to treat 

Strain-13 guinea pig PEC. RNA-treated PEC 

were inhibited in their migration by the corres- 

ponding antigen used to sensitize the RNA 

donor. These experiments demonstrated the 

exquisite specificity of cell-mediated immune 

reactions which are reflected in the reactions 

transferred by 1-RNA. 

RNA from random bred guinea pigs was 

employed by SCHLAGER et al. to transfer MIF 

reactivity to the ARS-NAT antigen. Specific 

inhibition of migration of nonsensitive guinea 

pig PEC was observed following treatment with 

ARS-NAT-I-RNA in the presence of ARS- 

NAT while no inhibition occurred with RNA 

alone or by incubation of the RNA-treated cells 

with unrelated antigens. The use of ARS-NAT 

as antigen for the transfer of cell-mediated 

immunity by I-RNA was significant since most 

of the antigens used in previous experiments 

were of bacterial or fungal origin, chemically 

undefined, and usually possessive of mitogenic 

activity. ARS-NAT does not suffer from these 

problems and therefore, lent itself readily to an 

evaluation of the dependancy of I-RNA on 

contaminating antigen (see below). 

The ability of allogeneic I-RNA extracts from 

BCG-immune guinea pigs to transfer DTH skin 

test reactivity was also demonstrated TM. Random 

bred albino guinea pigs injected intradermally 

with a 0.1 ml suspension containing 

1 x 107 RNA-treated PEC and 10/xg/ml PPD 

demonstrated indurated skin reactions (6- 

14 mm) which were greater than those observed 

in the same animals at sites injected with 

untreated PEC+PPD (1-5 ram) or at sites in- 

jected with RNA-treated PEC without PPD 

(2-5 ram). 

Transfer of cellular immunity with xenogeneic 

I -RNA.  

Circumvention of species barriers in transferring 

cellular reactivity may be accomplished with 

I-RNA from immune lymphoid cells. RNA 

from the spleens and lymph nodes of Rhesus 

monkeys sensitized to PPD, KLH, or coccidioi- 

din was able to transfer antigen specific reactiv- 

ity to guinea pig PEC and human peripheral 

blood lymphocytes 19-22. Assessment of transfer 

activity to human peripheral blood lymphocytes 

was accomplished by the indirect MIF assay. 

Human nonsensitive peripheral blood lympho- 

cytes were incubated with RNA extracts of 

lymphoid tissue from Rhesus monkeys with skin 

test sensitivity to KLH, PPD, and/or coc- 

cidioidin. In the presence of the corresponding 

antigen, RNA-treated human leukocytes 

specifically elaborated the MIF lymphokine 

whose presence in culture supernatants was 

detected with nonsensitive guinea pig PEC. Liver 

RNA extracts from sensitized Rhesus monkeys 

or RNA extracts from lymphoid tissues of 

nonsensitive monkeys, in the presence of an- 

tigen, failed to induce MIF production in human 

leukocytes. Transfer of PPD and coccidioidin 

sensitivity to nonsensitive guinea pig PEC with 

Rhesus monkey I-RNA was shown with the 

direct MIF assay. RNA-treated nonsensitive 

guinea pig PEC were inhibited in their migra- 

tion in the presence of the specific antigen but 

not in the presence of an unrelated antigen, 

19 



histoplasmin, or in the absence of antigen. The 

approach developed in these experiments 

suggested novel approaches to immunotherapy 

of tumors which culminated in the development 

of an RNA therapy model for guinea pig 

hepatomas employing xenogeneic sources of 

I-RNA (see below). 

Transfer of cellular immunity with syngeneic 

I-RNA. 

The transfer of cell-mediated immunity via 

syngeneic I-RNA permitted an unambiguous 

appraisal of the in vivo activity of RNA-treated 

lymphoid cells whose reactivity could not be 

attributed to allogeneic or xenogeneic stimula- 

tion of responder cells. The transfer of DTH skin 

test reactivity to PPD, brain antigen, alpha- 

DNP-oligolysine, and epsilon DNP-oligolysine 

was accomplished utilizing syngeneic I-RNA is. 

Strain-13 guinea pigs which had not been 

previously skin tested were skin tested with 

PPD or brain antigen between 58 and 64 hrs 

after receiving an intraperitoneal injection of 

approximately 1 × 109 syngeneic lymph node or 

spleen cells that had been incubated with 

I-RNA from PPD-immune or brain antigen- 

immune donors. At the skin sites injected with 

PPD, the induration observed varied from 7- 

14 mm with marked erythema as compared to 

0-3 mm induration and negligible erythema at 

sites injected with a noncross-reacting antigen. 

The sites injected with brain antigen exhibited 

from 6-11 mm induration with considerable 

erythema. Strain-13 guinea pigs injected with 

PPD or brain antigen alone as controls exhi- 

bited less than 3 mm induration and no accom- 

panying erythema. Strain-2 guinea pigs which 

are genetically capable of responding to alpha 

and epsilon-DNP-oligolysines were skin tested 

with these antigens between 58 and 68 hr after 

receiving an intraperitoneal injection of 

syngeneic nonsensitive lymph node or spleen 

cells that had been incubated with RNA from 

immunized donors. Animals receiving lymphoid 

cells treated with alpha-DNP-oligolysine I-RNA 

exhibited indurated skin tests varying from 

6-15 mm with marked erythema upon injection 

of the homologous antigen but only 0-2  mm 

of induration with negligible erythema upon 

injection of epsilon-DNP-oligolysine. This pat- 

tern of reactivity was reiterated in guinea pigs 

receiving lymphoid cells treated with epsilon- 
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DNP-oligolysine I-RNA in that significant indu- 

ration was seen in sites injected with epsilon- 

DNP-oligolysine (8-17 mm) with marked 

erythema while negligible induration (0-3 ram) 

and erythema was seen in sites injected with 

alpha-DNP-oligolysine. Attempts to elicit skin 

test sensitivity to these antigens with I-RNA 

alone (up to 2.11 mg/guinea pig) or with non- 

sensitive guinea pig cells mixed with DNP- 

oligolysines were totally unsuccessful. 

Characterization of I- RNA 

Part of our efforts have been devoted to 

characterizing the biologically active principal in 

our relatively crude I-RNA preparations. 

Analysis of the I-RNA obtained by the hot/cold 

phenol extraction procedure has led to several 

general findings in all of the systems we have 

tested. By sucrose density gradient centrifuga- 

tion, the RNA extracts have characteristic 28 s, 

18 s, and 4 s peaks. The biuret test indicates less 

than 3% contamination with protein. When the 

RNA extracts are treated with DNase or tryp- 

sin, the sucrose density gradient centrifugation 

patterns are essentially unaltered and the RNA 

extracts retain their transfer activity. However, 

when the RNA extracts are treated with pan- 

creatic RNase, transfer activity is abolished and 

virtually all of the high molecular weight RNA 

species is degraded as indicated by the presence 

of only 4 s material or smaller on the sucrose 

gradient patterns (Fig. 3). These observations 

clearly illustrate that high molecular weight 

RNA is an essential component for transfer 

activity. They do not, however, rule out the 

possibility that minute amounts of protein are 

also needed for transfer activity. 

The presence or absence of antigen in I-RNA 

is one of the central controversies inherent in 

the study of I-RNA-mediated transfer of im- 

munity. This issue is germane since it raises the 

question of the mechanism responsible for the 

transfer of cellular immunity with I-RNA. Two 

distinct hypotheses predominate the literature 

on this subject. Some investigators favor a super 

antigen concept in which RNA condenses with 

antigenic determinants to form a potent im- 

munogen that can directly sensitize lymphoid 

cells. These RNA-antigen complexes and their 

role in I-RNA mediated transfer of immune 

reactivity have been reviewed extensively by 
GOTTLIEB and SCHWARTZ 23 and therefore, will not 
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be considered here. Another  hypothesis advanced 

to explain the action of R N A  in transferring 

immunity proposes an informational role for 

the I -RNA.  Presumably,  informational I - R N A  

would not require the presence of antigen for 

transfer of reactivity. In our own work, we have 

been unable to detect antigen contamination in 

our I - R N A  preparat ions by immunological or 

chemical tests. For example,  JUREZIZ e t  al.  18 

tested the ability of I - R N A  from DNP-  

oligolysine immune guinea pigs to sensitize 

normal animals. Guinea pigs that received up to 

2.1 mg of I - R N A  intraperitoneally, an amount  

of R N A  10 fold greater than the amount  of 

material needed to convert nonsensitive lym- 

phoid cells to a state of reactivity, did not 

develop positive D T H  skin tests upon challenge 

with DNP-oligolysine. In addition, normal 

spleen cells that had been treated with 25/zg  of 

DNP-oligolysine were unable to transfer D T H  

skin test reactivity to normal guinea pigs. We 

have also a t tempted to elicit MIF from PPD- 

sensitized guinea pig PEC with I - R N A  prepared 

from PPD-sensitized hosts 19. Whereas the sen- 

sitized PEC were inhibited in their migration by 

as little as 10/zg/ml of PPD antigen, these same 

PEC were not inhibited in their migration by up 

to 3 mg of P P D - I - R N A .  Still, these experiments 

do not exclude the presence of minute amounts 

of antigenic material which may be sequestered 

in the active I - R N A  preparations.  

For these reasons, we turned to chemical 

techniques for detecting antigen in our I - R N A  

preparations.  One such antigen system which 

lent itself to this problem is the low MW (486) 

chemically-defined antigen ARS-NAT.  

Approximate ly  15.4% of the A R S - N A T  

antigen consists of arsenic which is detectable 

in trace amounts by known chemical and 

instrumental methods. Thus, arsenic can serve 

as a chemical marker  for the presence of 

antigen in I - R N A  capable of transferring ARS-  

N A T  sensitivity. R N A  extracts from A R S - N A T  

sensitive donors known to transfer sensitivity to 

the antigen were assessed for arsenic content by 

atomic absorption spectroscopy (AAS) 17. This 
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technique assays the arsenic directly, has a 

sensitivity greater than any biological or chemi- 

cal assay, and since the sample is exhaustively 

incinerated at 2700 °C, 'buried antigen' cannot 

escape detection. AAS, with a sensitivity of 

0.1 ng, failed to detect arsenic in 250/~g to 

10 mg of A R S - N A T  ! -RNA.  Therefore,  if arse- 

nic is associated with the I - R N A  material, it 

could be present in an amount  of no more than 

5 pg in 500/~g of RNA,  the amount  of R N A  

usually used for transfer of immunity. This 

corresponds to less than 0.0000065% ARS-  

N A T  antigen in the R N A  extract. 

Although, such a low level of possible con- 

tamination is strong indication that only R N A  is 

involved,  CROUCH 24 has stated that even this low 

level of possible contamination does not exclude 

the involvement of antigen, and has made the 

following calculations. 

'Starting with 1 mg of total RNA we then exclude ribosomal 
and t-RNA giving us 50/~g of RNA. Estimates of the size 
of immune RNA, as determined by sucrose gradient 
sedimentation are on the order of 14-18 S or about 2,000 
nucleotides. If we ascribe all 50/~g of RNA as being 
immune RNA, the following calculation can be made: 

50 x 10 -6 g RNA 

2 × 10 3 nucleotides 0.320 g/mole nucleotide 

= 7.81 × 10 11 moles immune RNA 

6.5 × 10 -8 g ARS-NAT/g RNA 

o r  

6.5 × 10 -8 mg ARS-NAT/mg RNA 

6.5 × 10 -11 g ARS-NAT 
= 1.11 × 10 -13 moles ARS NAT 

486 g/mole ARS NAT 

giving 

11.1 × 10 -14 moles ARS-NAT 

7.81x 10 11 moles immune RNA 

moles ARS-NAT 
= 1.04x 10 3 

moles immune RNA 

or 1 molecule of ARS-NAT per 1000 molecules of immune 
RNA' 

In our view, there are certain limitations to this 

calculation, since: (1) Not all molecules are 

I - R N A  specific for AR S -NAT;  (2) most R N A  is 

degraded during incubation with cells and no 

selective uptake of message species has been 

reported;  (3) the amount  of A R S - N A T  used in 

the calculations represents the maximum 

amount  possible and would therefore give an 

overest imate of the amount  of A R S - N A T  possi- 

bly present. Thus, although the complete ab- 
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sence of antigen contamination in I - R N A  may 

be impossible to prove, we believe it is improb-  

able that the activity of A R S - N A T - I - R N A  is 

due to super-antigen species. 

Clearly, the ability of I -RNA- t rea ted  lym- 

phoid cells to respond to antigenic stimuli not 

specified by their genotype would argue strongly 

in favor of an informational role for I -RNA.  

That  this is often the case is supported by 

evidence demonstrat ing the transfer of al- 

lotypic 25 and idiotypic 26 immunoglobulin 

specificities in humoral  systems and by the 

transfer of DNP-oligolysine reactivity to geneti- 

cally nonresponder  Strain-13 guinea pigs 16. In 

one series of experiments, I - R N A  from DNP-  

oligolysine immunized responder strain-2 guinea 

pigs was found to confer antigenically-specific 

reactivity on nonresponder  Strain-13 guinea pig 

PEC as assessed by the MIF assay. These 

findings indicate that Immune -RNA-med ia t ed  

transfers of cell mediated immunity can over- 

come an inherent genetic defect. 

Indeed, if I - R N A  does function as a vehicle 

for the transfer of genetically-specified immune 

reactivity, it is possible that a messenger R N A  

species might be responsible for this activity. 

Several lines of evidence are compatible with 

the possibility that the transfer activity of 

I - R N A  is due to m R N A  species. Estimates of 

the molecular size of the R N A  species with 

transfer activity were first studied by THOR and 

DRAY z who reported the transfer of PPD reac- 

tivity with the 8-12  S fraction of a preparat ion 

of human I - R N A  obtained from lymph nodes of 

a PPD-sensit ive donor (Fig. 3). Transfer activity 

of the separated 8-12 S R N A  species was 

unaffected by DNase or trypsin but was 

abolished by RNase treatment.  These findings 

were extended to a monkey  I - R N A  system by 

P A O U E  and D R A Y  22 who showed that transfer 

activity was confined to the R N A  species lo- 

cated between the 4 S and 18 S regions of a 

5 -20% linear sucrose density gradient. Subse- 

quently, the size of the I - R N A  species active in 

transferring anti- tumor reactivity in the guinea 

pig Line-10 hepa toma system was estimated to 

be 5-12 S 27. These values are well within the 

range of the size of m R N A  species determined 

in other systems. These data alone, however,  do 

not discount a possible contribution by super- 

antigen R N A  moieties since the molecular size 

of such molecules is also within this range 23. 



Another line of evidence which supports the 

idea that the transfer activity of I-RNA might 

be due to a messenger RNA species is the 

finding that transfer activity is associated with 

fractions of I-RNA having polyadenylic acid 

sequences characteristic of mRNA. Thus, 

PAQUE 28 and PAQUE and NEALON 29 have re- 

ported the transfer of PPD, KLH, and ARS- 

NAT sensitivity to nonsensitive guinea pig PEC 

as assessed by the MIF assay with Poly-A 

containing I-RNA from hyperimmune donors. 

The amount of Poly-A containing I-RNA 

needed for transfer was approximately 10 fold 

less than the amount of whole I-RNA extracts 

required. Furthermore, the transfer activity of 

Poly-A containing I-RNA exhibited the same 

degree of specificity for the sensitizing antigen 

as was seen for whole I-RNA preparations. 

One difficulty in elucidating the mechanism of 

transfer in a cell-mediated immune system is the 

lack of knowledge of the receptors responsible 

for antigen recognition and activation of T 

lymphocytes. If an antibody-like molecule is 

indeed the receptor for antigen on the T cell, 

the size of the RNA species with transfer 

activity is sufficient to code for a light chain or 

idiotypic specificities but not for a complete 

immunoglobulin molecule. Other receptors dis- 

similar to antibodies have also been suggested, 

however, so that speculation as to the amount 

of RNA needed to code for a portion of a 

receptor sufficient to designate antigen-specific 

recognition is tenuous at best. It is conceivable 

that the transfer of antigen-specific recognition 

to an unsensitized cell that is genetically capable 

of a response could occur by derepression of the 

host genome. The results of this event presuma- 

bly would lead to the expression of genes 

encoding membrane receptors for antigen and 

to cellular activation upon subsequent antigenic 

challenge. 

Transfer of  cel l -mediated reactivity to tumor 

antigens. 

The successful transfer of delayed type hyper- 

sensitivity skin test reactivity to various non- 

tumor antigens suggested that RNA extracts 

might also transfer cellular sensitivity to tumor 

antigens thereby exerting some potentially be- 

neficial anti-tumor effects. These investigations 

utilized 2 antigenically distinct, chemically- 

induced transplantable guinea pig hepatomas, 

Ln-1 and Ln-10 and a syngeneic, transplantable 

murine plasmacytoma, MOPC-315. As a first 

step, the MIF assay was used to demonstrate 

I-RNA mediated transfer of tumor antigen 

specific reactivity to nonsensitive Strain-2 

guinea pig PEC 3°. Strain-2 guinea pigs hyperim- 

munized to either tumor by the methods of 

CHURCHILL et al. 31 and ZBAR et al .  32'33 served as 

sources of I-RNA and soluble tumor antigens 

were prepared using the 3M KC1 extraction 

procedures of REISFELD and KAHAN 12 and MELT- 

ZER et a113. PEC incubated with Ln-10 I-RNA 

were specifically inhibited in their migration 

when stimulated with Ln-10 tumor antigen but 

not with Ln-1 tumor antigen while the reverse 

was true using PEC incubated with Ln-1 I- 

RNA. Controls which did not demonstrate 

inhibition of migration in the presence of tumor 

antigen included PEC incubated with RNA 

from kidney, muscle, and liver of Ln-10 im- 

mune animals as well as RNA prepared from 

the spleens of nonsensitive animals. The locali- 

zation of the RNA fraction with transfer for 

Ln-1 and Ln-10 tumor antigen reactivity was 

also investigated and found in a fraction corres- 

ponding to a 5-12 s mw species 27. Fractions of 

4 s, 18 s, 22 s, and 28 smw did not exhibit 

transfer activity. These experiments served as an 

in vitro model for the development of tumor 

specific, anti-tumor reactivity in syngeneic lym- 

phoid cells that potentially was applicable to in 

vivo immunotherapy. An in vivo im- 

munotherapy model employing I-RNA from 

Ln-10 immune guinea pigs was then developed 

by SCHLAGER et al. 35 subsequent to the aformen- 

tioned studies. 

When 1 x 106 Ln-10 tumor cells are injected 

intradermaily into Strain-2 guinea pigs, the 

tumor is uniformally lethal in 60-90 days with 

frequent metastases developing in the regional 

lymph nodes by the sixth day 33. MIF, blas- 

togenic, and delayed-type hypersensitivity skin 

test reactivity to soluble tumor associated an- 

tigens is reportedly detectable in tumor-bearing 

guinea pigs between 15 and 30 days following 

tumor injection 34. Guinea pigs injected intrader- 

mally with 1 x 106 Ln-10 cells admixed with 

6 x 106 living BCG bacilli rarely develop an 

established tumor, are resistant to subsequent 

challenge with tumor cells, and exhibit detecta- 

ble skin test and MIF reactivity upon challenge 
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with tumor cells or extracted tumor an- 

tigens 13'3°. When BCG is injected intratumorally 

6 or 12 days following the injection of 1 x 106 

Ln-10 cells, complete tumor regression is ob- 

served in approximately 85% and 20% of the 

animals respectively 33. This tumor system pro- 

vided a syngeneic tumor model suitable for 

testing a variety of immunotherapeutic proce- 

dures based on the transfer of Ln-10 immunity 

with I-RNA. 

SCHLAGER et al. succeeded in developing an 

RNA therapeutic regimen which cured all 

guinea pigs bearing a uniformly lethal 5 to 7 

day tumor transplant of Ln-10 hepatoma 

cells 35-37. In this procedure, 1 × 107 syngeneic 

St-2 nonsensitive PEC (NS-PEC) were injected 

first into the area under the palpable tumor 

nodule followed immediately by 2.5 mg of 

RNA from the lymphoid cells of either 

syngeneic (Syn) Ln-10 immune guinea pigs or 

xenogeneic (Xen), Ln-10 immune Rhesus mon- 

keys. Approximately 1 hour later, 1.0 mg of a 

biologically active preparation of extracted Ln- 

10 tumor antigen (TSAg) was injected into the 

same inoculation site. In the first experiment, 

groups of 4 animals were used. In animals re- 

ceiving the complete therapeutic regimen on NS- 

PEC, Ln-10 I-RNA, and Ln-10 tumor an- 

tigens, complete local tumor regression was ob- 

served within 60 days after the injection of 

tumor cells. On the other hand, the control 

guinea pigs injected with 0.5 ml saline under 

the tumor nodules exhibited progressive tumor 

growth to a maximum of 30 × 30 mm and all 

animals died within 72 days 35. No effect on the 

developing neoplasm was observed when NS- 

PEC or 2.5 mg line-10 Syn-I-RNA were each 

injected alone or when NS-PEC were injected 

together with 2.0 mg of bacterial RNA or with 

1.0 mg of line-10 TSAg. However, when I x 

10 7 NS-PEC were injected together with 

2.5 mg line-10 Syn-I-RNA without TSAg, a 

significant decrease in the tumor growth pro- 

gression was noted but the effect was transient 

and the animals all died within 102 days. 
To extend these results, a second experiment 

was done with groups of 10 animals (Fig. 4). As 

before, when 1 × 10 7 NS-PEC, 2.5 mg line-10 

Syn-I-RNA, and 1.0 mg line-10 TSAg 1 hr later 

were injected s.c., complete local tumor regres- 

sion was observed in 10 animals which were still 

alive and free of palpable, tumors 120 days after 

tumor injection. In addition, almost identical 

results were obtained in 10 animals receiving 

2.5 mg line-10 Xen-I-RNA from Rhesus mon- 

keys immunized to line-10 tumor cells instead 

of syngeneic RNA. Again, those control guinea 

pigs receiving saline 5 days after the tumor cell 

inoculum exhibited progressive tumor growth 

and all 10 animals died within 60-90 days, the 

interval in which 100% mortality due to the 

i.d. injection of 1 x 106 line-10 tumor cells is 

known to occur. Treatment with 1 x 107 NS- 

PEC alone or NS-PEC given with 1.0 mg 

line-10 TSAg were ineffective against tumor 

growth and did not extend the survival time of 

the animals. When the injection of i x 107 

NS-PEC was followed with 2.5 mg of RNA 

from strain-2 guinea pigs immunized to the 

antigenically non-cross-reacting line-1 tumor 

and 1.0 mg line-1 TSAg 60 min later, no anti- 

tumor action was observed. 

Although the combinations of nonsensitive 

guinea pig PEC, Ln-1 I-RNA, and line-1 TSAg 

was shown to elaborate migration inhibitory 

factor (MIF) in the in vitro assay, this regimen 

used in vivo demonstrated no therapeutic effect 

against the line-10 tumor. This suggests that 

MIF production alone is not sufficient for the 
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Fig. 4. Growth and development of 1 x 106 line 10 tumor 

cells in response to various therapeutic regimens including: 

x, strain 2 NS-PEC alone; FI, NS-PEC and line 10 TSAg; 

A, NS-PEC, RNA from line I-immune strain 2 guinea pigs 

and line 1 TSAg; i ,  NS-PEC, RNA from line 10-immune 

strain 2 guinea pigs and line 10 TSAg; A.NS-PEC, RNA 

from line 10-immune Rhesus monkeys and line 10 TSAg; 

O, tumor cells alone (0.9% NaC1 solution therapy controls). 

Brackets indicate time interval in which all of the animals in 

that group died. Values represent average of 10 animals. 

(From SCnLAG~a and DRAY 35. Reproduced by permission 

of Cancer Research) 
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regression of a growing neoplasm, although it is 

possible that an antigen-specific cytotoxic factor 

might be necessary to effect an anti-tumor 

response. Along these lines, VELTMAN et al. 38 

demonstrated that xenogeneic RNA obtained 

from guinea pigs or sheep immunized to a 

human tumor and incubated with normal human 

lymphocytes in vitro could transfer anti-tumor 

cytolytic activity to the lymphocytes. They sug- 

gest that the RNA acted to "convert" the 

normal human lymphocytes into "killer cells" 

and that MIF production was not necessarily the 

essential factor involved in the cytolysis of the 

tumor cells. Furthermore, although the use of 

xenogeneic RNA makes the determination of 

the specificity of the anti-tumor response more 

difficult, RAMMING and PILCH 39 provided con- 

vincing evidence that when xenogeneic 'tumor- 

immune' RNA is incubated with lymphoid cells 

that are syngeneic with the tumor cells, only 

tumor-specific immune responses are 

transferred. 

The original RNA therapy model developed 

in the Ln-10 hepatoma system was extended to 

include treatment of guinea pigs with later stage 

tumors and treatment of guinea pigs with 

tumors at two distinct sites36'37. In these experi- 

ments, complete tumor regression was achieved 

in animals that had received a single intrader- 

mal injection of 1 x 106 Line-10 cells (5 or 7 

days previously) by the subcutaneous injection 

of Line-10 Immune-RNA, i x 107 nonsensitive 

Strain-2 PEC, and 1 mg of Line-10 tumor 

specific antigen under the site of the tumor 

nodule. If either the nonsensitive PEC, the 

I-RNA, or the Line-10 antigen was deleted 

from the regimen, or if treatment was delayed 

until day 12, 17 or 21 of tumor growth, the 

animals were not cured and their survival was 

not prolonged. In another experiment, it was 

found that treatment of one tumor nodule with 

the complete immunotherapeutic regimen 5 

days after tumor inoculation cured not only the 

treated primary nodule but a second, untreated 

nodule (10 cms apart from the primary nodule) 

also completely regressed. These data indicate 

that the results of immunotherapy with the 

complete regimen is effective in eliciting sys- 

temic anti-tumor immunity of sufficient mag- 

nitude to cure guinea pigs with a single other- 

wise lethal tumor that has grown for 7 days or 

two tumors that have grown for 5 days. 

The limitations of this therapeutic regimen 

have yet to be completely defined due to the 

technical difficulties inherent in preparing I- 

RNA and tumor antigen extracts with quantita- 

tively reproducible biological activity. Also, the 

limited availability of male Strain-2 guinea pigs 

and the unavailability of a uniformly lethal 

syngeneic tumor as a specificity control have 

hampered the effort to extend the exploration 

of additional RNA therapy models in the Ln-10 

tumor system. These reasons, coupled with the 

desire to extend the RNA therapy approach to 

other tumor systems led to investigations into a 

syngeneic murine tumor system, the MOPC-315 

plasmacytoma. 

MOPC-315 plasmacytoma was originally de- 

veloped by the intraperitoneal injection of min- 

eral oil in BALB/c mice 4°. The tumor is 

characterized by its ability to secrete monoc- 

lonal IgA immunoglobulins with reactivity for 

DNP haptenic groups. When BALB/c mice are 

inoculated subcutaneously with 1 x 106 MOPC- 

315 tumor cells, progressive tumor growth 

develops which kills the mice in 17 + 2 days. It 

was found that mice inoculated with this dose of 

tumor cells mounted a transient anti-tumor 

response that was detectable in vitro in their 

PEC by MIF testing with soluble tumor antigens 

early (5-7 days post tumor grafting) during 

tumor development 41. PEC from mice with later 

stage tumors (10-14 day post tumor grafting) 

did not respond to extracted MOPC-315 an- 

tigens by MIF production. Preliminary experi- 

ments to elucidate the mechanism responsible 

for the loss of tumor antigen reactivity in PEC 

from mice with late stage tumors implicated a 

possible depressive role for s e r u m  f 'actors 42'43, 

suppressor lymphocytes 43 or suppressor mac- 
rophages 44. 

Next, we investigated whether I-RNA with 

tumor antigen transfer activity could be ex- 

tracted from the spleens of tumor-bearing mice 

at any stage of tumor development 41 (Fig. 5). It 

was found that I-RNA prepared from t h e  

spleens of mice bearing early stage tumors (5-6 

days post-tumor grafting) was able to transfer 

MOPC-315 tumor antigen responsiveness to 

nonsensitive BALB/c PEC. However, I-RNA 

prepared from the spleens of mice bearing later 

stage tumors (12-14 days post-tumor grafting) 

was unable to transfer tumor antigen respon- 

siveness to nonsensitive PEC. It appeared 
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Effect of normal RNA or RNA 

from MOPC-315-bearing animals on the migration of PEC 
obtained from normal or tumor-bearing mice in the pres- 
ence or absence of antigenic stimulation with MOPC-315 
TAAg. N RNA, RNA from normal BALB/c mice. 
5 D RNA, RNA from mice grafted 5 or 6 days previously 
with 1 × 106 MOPC-315 tumor cells. 14 D RNA, RNA from 
mice grafted 12 to 14 days previously with 1 × 106 MOPC- 
315 cells. Bars, E.E. 

therefore  that the ability to extract I -RNA with 

transfer activity for tumor antigen responsive- 

ness was correlated temporally with the ability 

of the PEC from the tumor-bearing I -RNA 

donors to respond to tumor antigen stimulation. 

Since the PEC from mice that had borne the 

MOPC-315 tumor for 14 days were incapable 

of responding to tumor antigen we next per- 

formed experiments to determine if the I -RNA 

from 5-6 day tumor-bearing mice, that had ex- 

hibited tumor antigen transfer tumor activity 

when tested with nonsensitive PEC, could also 

transfer tumor antigen responsiveness to the unre- 

sponsive, day 14 tumor-bearer  PEC. When PEC 

from mice bearing late stage MOPC-315 tumors 

were incubated with 200-500/~g of I -RNA pre- 

pared from the spleens of mice with early stage 

tumors, inhibition of migration was observed in 

cultures of RNA-t rea ted  cells that had been 

stimulated with MOPC-315 tumor antigens but 

not in cultures of-RNA-treated cells stimulated 

with MOPC-104E tumor antigens. Cells that 

had not been treated with R N A  from early 

stage tumor-bearers  or cells that had been 

treated with R NA from normal mice were not 

inhibited in their migration in the presence of 

biologically active MOPC-315 tumor antigen. 

The observed inability to prepare I -RNA with 

MOPC-315 tumor antigen transfer activity from 

spleens of mice with late stage tumors indicated 

that cells containing biologically active I -RNA 

2 6  

were lacking in the late stage tumor-bearer  

spleen cells. This phenomenon was investigated 

further by immunizing MOPC-315 tumor- 

bearing mice with BCG on the second day of 

tumor growth and subsequently preparing I- 

RN A  from the tumor-bearer  spleens on the 

14th day of tumor growth 4~. This preparation 

was used to treat nonsensitive mouse PEC 

which were then incubated in the presence of 

MOPC-315 tumor antigens or PPD. In these 

experiments, RNA-trea ted  cells exhibited inhib- 

ition of migration in the presence of PPD but 

not in the presence of MOPC-315 tumor an- 

tigen indicating that the lack of MOPC-315 

transfer activity in I -RNA from spleens of late 

stage tumor-bearers was not due to a 

generalized depression of host I -RNA synthesis. 

We also demonstrated that the late stage I- 

RN A  which did not exhibit tumor antigen 

transfer activity to nonsensitive PEC was incap- 

able of preventing MIF production by tumor 

antigen-responsive PEC from mice bearing early 

stage (5-7 day) tumors. This series of experi- 

ments in the MOPC-315 tumor system 

suggested that the synthesis of I -RNA with 

transfer activity for tumor antigen declines 

during tumor growth. 

Discussion 

The transfer of cell-mediated immunity via 

I -RNA is subject to a variety of technical 

difficulties. Certain of these difficulties pertain 

to cellular reactivity in general and are due to 

an incomplete delineation of the reaction 

mechanisms involved and the cell populations 

participating in the development  and expression 

of cell-mediated immunity. These difficulties are 

compounded by the lack of quantitatively repro- 

ducible assays for measuring cell-mediated reac- 

tivity. But aside from these considerations, 

RN A  transfers suffer some unique problems 

which can lead to difficulties in reproducing 

certain phenomena.  In our experience, most 

failures in attempting I -RNA-media ted  transfer 

of cellular immunity are due to the following: 

(1) the donor lymphoid cells may not contain a 

sufficient amount of I -RNA; (2) the I -RNA 

preparations are degraded or are toxic to the 

cells; (3) the antigens used to stimulate I -RNA- 

treated cells, particularly in tumor antigen sys- 

tems, are not active since they are poorly 



defined, impure and have not been quantitated. 

The future application of I-RNA to the study of 

cell biology and particularly to the therapy of 

human disease states might well depend on the 

ability to deal with these problems. 

RNA transfer methodology entails immuniza- 

tion of donors, extraction of I-RNA, incubation 

of I-RNA with recipient cells, and assessment of 

transfer activity by in vivo and in vitro tests. 
Consideration of some of these procedures is 

relevant to any discussion of the problems as- 

sociated with, and the future of, I-RNA 

mediated transfer of cellular immunity. 

The immunization of animals serving as 

donors of I-RNA is aimed at eliciting a 

hypersensitive state in the donor. It has been 

repeatedly observed that animals with marginal 

or weak reactivity to antigenic challenge are 

poor donors of I-RNA. It was also observed in 

the MOPC-315 plasmacytoma system that the 

ability of tumor-bearing mice to provide I-RNA 

with transfer activity for tumor antigen respon- 

siveness is restricted to the early stage of lethal 

tumor growth which is characterized by host 

PEC responsiveness to tumor antigens. These 

observations suggest that the level of I-RNA 

synthesis that occurs in donor lymphoid cells is 

correlated with the degree of sensitivity posses- 

sed by the donor. If it can be assumed that the 

amount of I-RNA contained in the donor 

lymphoid tissue is correlated with the number of 

antigen sensitive cells in the tissue, then the 

inability of marginally sensitized animals or 

terminal, unresponsive plasmacytoma-bearing 

mice to serve as good sources of I-RNA 

probably reflects an insufficiency in the number 

of antigen sensitive cells in these hosts. This 

consideration raises the question of which cell 

type(s) are able to synthesize I-RNA. Early 

studies by ADLER et al .  45 and FISHMAN and 

ADLER 46 indicated that macrophage derived 

RNA was able to transfer antibody synthesizing 

ability to lymphocytes. These reports suggested 

that the macrophage RNA might function as a 

modulator of lymphocyte responsiveness capa- 

ble of signaling either antibody synthesis or 

lymphokine production upon antigenic chal- 

lenge. Furthermore, WANG and MANNICK have 

presented evidence that macrophage RNA has 

transfer activity for anti-tumor cytotoxic re- 

sponses in a murine tumor system 47. In contrast, 

KEr~N et al. have reported that I-RNA with 

transfer activity for anti-tumor cytotoxicity is 

synthesized by the T lymphocyte 4s. In this 

study, both the cell synthesizing I-RNA and the 

cell which apparently incorporated the I-RNA 

was the T lymphocyte. It becomes apparent that 

there is considerable controversy concerning the 

nature of the cells involved in synthesizing 

I-RNA. Still, the identification of the I-RNA 

producing cell type(s) would aid greatly in 

attempts to enrich the activity of I-RNA. On 

the assumption that the number of cells with 

antigen reactivity even in a hyl3ersensitized 

population is relatively small, one enrichment 

approach that might be exploited is the expan- 

sion of the I-RNA-producing cells either by 

cloning techniques or by the recently developed 

hybridoma technique. Hybridomas consisting of 

murine plasmcytoma cells and lymphocytes have 

been produced in several laboratories 49-51. Im- 

mune spleen cells are first cloned and clones of 

immune ceils within the population identified. 

These clones are then hybridized by glutyral- 

dehyde with murine myeloma cells selected for 

their inability to secrete myeloma proteins. The 

hybrid cells exhibit the immune function of the 

selected lymphocytes specified by the im- 

munized donor and can be propagated continu- 

ously either in tissue culture or as hybrid0ma 

tumors in mice. If this technology can be 

applied to obtain hybridomas synthesizing I- 

RNA, it would represent a significant advance- 

ment in the technology for obtaining large 

quantities of relatively pure and biologically 

active I-RNA. 

A variety of methods have been employed for 

preparing biologically active I-RNA. In our own 

experience, the hot/cold phenol method has 

been the most successful since the material 

recovered is usually undegraded and of low 

viscosity which facilitates its incubation with 

cells. Further enrichment of transfer activity by 

fractionation of the extracted material has also 

been accomplished with hot/cold phenol prep- 

arations of I-RNA. Paque and coworkers have 

utilized 2 different approaches to enrich the 

transfer activity of hot/cold extracted prepara- 

tions. One method utilizes sucrose density gra- 

dient fractionation of the starting material to 

obtain the 5-18 s molecular weight species in 

the preparation 27. Most or all of the transfer 

activity contained in the initial preparation was 

localized to this fraction. Another approach at 
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enrichment by fractionation is the isolation of 

poly-A-containing RNA species in the I-RNA 

preparation by oligo-dt-column chromatog- 

raphy 28'z9. Both of these methods led to a 

10-100 fold enrichment of transfer activity. 

Still, it is not yet clear whether transfer activity 

reflects the activity of a single species or of 

multiple species of RNA moieties. The con- 

troversy over the activity of superantigen con- 

taining I-RNAs and/or informational I-RNAs 

reflects this issue since both types of molecules 

have been identified in I-RNA. Moreover, 

certain investigations have illustrated biological 

roles for RNA moieties other than transfer 

activity which might effect the outcome of 

attempted transfer with I-RNA. One such activ- 

ity that has been explored is the adjuvant-like 

properties of RNA moieties. Synthetic 

homopolymers of oligoribonucleotides have 

been used to augment the antibody-forming 

capacities of aged mice 52. In addition, there are 

reports showing that both whole cell RNA and 

ribosomal RNA species are effective in inducing 

resistance in mice against a challenge with 

virulent strains of the bacterial species used to 

prepare the RNA 53. This kind of activity ap- 

pears to operate nonspecifically on the cell- 

mediated immunity system since in this study, it 

was shown that mice injected with either To- 

xoplasma gondii derived RNA, normal 

peritoneal macrophage RNA, or synthetic 

polyribonucleotides were resistent to challenge 

with Toxoplasma gondii, an organism known to 

be sensitive to cell-mediated immunity. The 

activity of these RNA moieties was sensitive to 

RNase but not pronase and the mechanism 

responsible for the activity was attributed to 

nonspecific activation of macrophages. The in- 

duction of immunological depression is another 

phenomena that has been accomplished with 

RNA. HELLER et a154, BHOOPALAM et a l Y  and 

KATZMANN et al. 56 have demonstrated depres- 

sion of the primary immune response in mice 

injected with plasmacytoma RNA. The depres- 

sion observed was attributed to the ability of 

plasmacytoma RNA to convert normal B lym- 

phocytes to bear on their surface the monoc- 

lonal immunoglobulins specified by the tumor. 

In a separate system, administration of normal 

liver or spleen RNA from BALB/c mice 1 or 5 

days prior to antigen injection depressed host 

responsiveness to a syngeneic leukemia, lym- 

phocyte responsiveness to PHA, and antibody 

formation to sheep erythrocytes 57. The im- 

munodepressive activity was attributed to ac- 

tions exerted both on macrophages and lympho- 

cytes and was abolished by treatment of the 

RNA with RNase. These additional activities of 

RNA could conceivably effect the transfer activ- 

ity of I-RNA. Indeed, a successful transfer of 

cell-mediated immunity with I-RNA might 

reflect the participation of all of these moieties. 

Whether these effects represent the actions of 

distinct RNA species or multiple activities of a 

single species is presently unclear. What is clear, 

however, is the need to pursue further investig- 

ations into the biological effects of I-RNA so 

that methods can be developed to isolate the 

most potent combinations of materials. 

The incubation of lymphoid cells with I-RNA 

is a crucial step in the transfer of biological 

activity and is often fraught with technical 

difficulties. Predominant among these is the 

extreme sensitivity of I-RNA to ribonucleases 

which appear to be ubiquitous to most biologi- 

cal systems. Any RNA transfer, be it in vitro or 

in vivo, must attempt to deal with the problem 

o f  ribonucleases. Most attempts have centered 

upon inhibiting the activity of these enzymes 

with sodium dextran sulphate or polyvinyl sul- 

phate. The success of this approach, particularly 

for RNA injected in vivo is questionable since 

Enesco found that intravenously injected C 1a- 

labeled RNA is rapidly broken down to free 

bases and ribose, the bases contributing to the 

free nucleotide pool and the ribose fraction 

being utilized in carbohydrate metabolism or 

exhaled as COz 58. Another aspect of this 

problem is the limited capacity of cells to 

incorporate biologically active I-RNA. This 

difficulty may be a manifestation of both the 

influence of ribonucleases in the incubation 

environment as well as the competence of the 

cells to take up the I-RNA. Several lines of 

evidence suggest that the ability of cells to 

incorporate I-RNA is subject to biological re- 

strictions. First, it is usually observed that cells 

incubated with I-RNA do not express the 

transferred activity unless they are subsequently 

stimulated with the immunizing antigen. This 

has been interpreted to indicate that the 

number of cells which are actually converted to 

antigenic sensitivity by I-RNA is relatively 

small. This was seen by Schlager et al. in the 
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Line-10 heptoma system who observed that 

guinea pigs treated with I-RNA and syngeneic 

nonsensitive PEC alone exhibited weak anti- 

tumor reactivity whereas the addition of ex- 

tracted tumor antigens to the therapy regimen 

resulted in complete tumor regression 35. Appar- 

ently, the additional stimulation of converted 

cells by antigen led to the expansion of the 

antigen reactive cells to a level sufficient to 

cause tumor regression. In this study, however, 

the participation of additional host cells might 

also have been responsible for the differences 

seen in the presence or absence of antigen. 

Aside from the observations suggesting that 

only a limited number of cells are actually 

converted by I-RNA, the tacit assumption that 

lymphoid cells can incorporate I-RNA has only 

rarely been tested. To directly test this assump- 

tion, Wang et al. studied the fate of the I-RNA 

incorporated by rabbit lymphoid cells and found 

that rabbit spleen cells can incorporate a small 

but measurable amount of radioactively-labeled 

rabbit lymph node RNA 59. Approximately 4 × 

10 l° daltons of RNA which was demonstrably 

resistant to RNase was incorporated per 

cell at saturation, representing approximately 

0.2% of the amount of input RNA used. The 

RNA incorporated was found in all 3 subeellu- 

lar fractions analyzed and had a nucleotide 

composition similar to that of the input RNA. 

Interestingly, the amount of bacterial RNA 

incorporated by rabbit spleen cells was substan- 

tially lower than the level of rabbit RNA 

incorporated and was rapidly degraded intracel- 

lulary. Also, it was found that nonincorporated 

RNA was rapidly and completely degraded, 

presumably by cell-associated nucleases, within 

the first 15 minutes of incubation 6°. With all of 

these considerations in mind, it becomes difficult 

to envision how, under such circumstances, a 

precise amount of RNA molecules can be 

delivered into the proper recipient cells in a 

reproducible manner. Thus, the ability of cells 

to incorporate I-RNA is subject to several 

severe restrictions and may well be the limiting 

factor which determines the success or failure of 

the transfer of biological activity. 

Several procedures have been employed to 

facilitate the cellular incorporation of adminis- 

tered RNA, with the most utilized being the 

microinjection of specific messages into Xenopu s  

oocytes 61. In this instance the production of a 

message-specific translation product has been 

reported. However, since the frog oocyte is an 

undifferentiated cell, data obtained in this sys- 

tem may not accurately reflect processes in 

differentiated eukaryotic cells. GRAESSMANN et 

al. 6~ have overcome this problem by the mic- 

roinjection of RNA into differentiated eukaryo- 

tic cells. However, this method is not practical 

for studies requiring the administration of mes- 

senger RNA to a large number of cultured cells. 

A preliminary report by ANDERSON and 

KRUEGER 63 has been published which documents 

the development of a technique which entails 

the encapsulation of globin mRNA within 

erythrocyte ghosts and the transfer of the 

sequestered message into hamster cells by the 

addition of sendai virus. While this procedure 

may facilitate the transfer of message to cul- 

tured cells, the addition of a viral fusogen 

virtually eliminates any potential clinical appli- 

cation. 

The dual problem of the protection of RNA 

from ribonuclease degradation and the insertion 

of RNA into a large number of cells without the 

addition of a viral fusogen may be resolved by 

the sequestration of RNA within liposomes. In 

order to utilize lipsomes as a vehicle for 

transporting messenger RNA into cells, two 

criteria must be fulfilled: (1) the liposomal 

aqueous space must be of sufficient volume so 

as to allow the sequestration of large numbers 

of molecules of very high molecular weight, (2) 

the structure of the liposomes must permit the 

efficient transfer of the sequestered RNA into 

the cytoplasm of the recipient cell. The latter 

condition would require the utilization of uni- 

lamellar vesicles since all but the contents of the 

outermost aqueous space of multilamellar vesi- 

cles would be processed by the lysosomal 
apparatus 64. 

DEAMER and BANGHAM 65 have devised a 

technique for the production of large unilamel- 

lar liposomes (1 tx diameter) by ether infusion. 

OSTRO et al. have employed this technique to 

sequester high molecular weight RNA (4 S to 

23 S) within liposomes and have demonstrated 

that the encapsulated RNA is resistant to 

external ribonuclease degradation 66. 

In a subsequent report 67, it was demonstrated 

that cells treated with liposomally encapsulated 

globin mRNA are stimulated to produce a 

globin-like protein. Application of a similar 
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approach by MAGEE et al. 68 to the guinea pig 

Ln-10 hepatoma tumor system led to a marked 

stimulation of lymphocyte-mediated attack on 

tumor cells that was up to 12 times greater than 

the activity seen with naked I-RNA. 

In our view, the goal of any future studies 

concerning I - R N A  should focus, at least in part, 

on developing better methods to (1) obtain 

active I-RNA; (2) incorporate I-RNA into cells; 

(3) quantitiate the activity of I-RNA-treated 

cells. In terms of I-RNA procurement, a knowl- 

edge of the cell type(s) which synthesize I-RNA, 

coupled with methods to expand the I-RNA 

producing cell population, would greatly facili- 

tate the isolation and characterization of the 

most active I-RNA moieties. The ability to 

incorporate large amounts of biologically active 

I-RNA into cells through the use of liposomes 

or other vehicles would allow for better defined 

experiments which are more reproducible. The 

development of a more precise means of assess- 

ing the biological activities of I-RNA would 

permit a rational study of the molecular 

mechanism(s) responsible for I-RNA-mediated 

immunological transfer. With improved I-RNA 

technology, it should become possible to mod- 

ulate the immune responsiveness of lymphoid 

cells in a predictable manner for application to 

a variety of problems in both basic and clinical 

sciences. 
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