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Fig. 3. Trimethylation (5' Ab: m7G m2»2»7G 
cap) of pre-U3 RNA oc- T r I ~ E ^ L J 1 

curs in isolated nuclei 
free of the cytoplasm. A 
mixture of m7G-capped 
U3 and U1 RNAs and 
7-mpppG-capped U6 
RNA (made in vitro as in 
Fig. 2) was injected into 
oocyte nuclei that had 
been isolated under 
mineral oil (6). After incubation at 18°C for 6.5 
hours, the 5' caps of the RNAs were analyzed as 
in Fig. 1B. The RNAs present in the total sample 
(T, lane 1) and the precipitate (P, lanes 2 and 4) 
and supernatant (S, lanes 3 and 5) fractions were 
separated by polyacrylamide gel electrophoresis. 

in enucleated X. laevis oocytes (J J). How­
ever, we find that trimethylation of U3 
RNA in the cytoplasm is much slower than 
it is in the nucleus; this is in contrast with 
trimethylation of pre-Ul RNA, which is 
efficiently trimethylated in the cytoplasm 
(Fig. 2) (8). Because proteins that normally 
function in oocyte nuclei (but are synthe­
sized and perhaps stored in the cytoplasm) 
may adventitiously modify U3 RNA in the 
cytoplasm, the physiological significance of 
cytoplasmic trimethylation of U3 RNA is 
unclear. 

Differences in 5' cap modification be­
tween U3 RNA and other snRNAs have 
also been detected in other experiments 
with hamster (tsBN2) tissue-culture cells. 
In that case, loss of RCC1 protein resulted 
in the inhibition of export of several 
snRNAs from the nucleus. This treatment 
inhibited trimethylation of pre-Ul and pre-
U2 snRNAs but not pre-U3 RNA (12), 
These results indicate that trimethylation 
of pre-U3 RNA also occurs in the nuclei of 
mammalian somatic cells. 

Although several nucleolar snRNAs 
have m2 '2 '7G caps (J3), others do not. For 
example, some of these RNAs arise from 
the processing of intronic sequences in pre-
mRNAs, (5, 14) and have 5' monophos­
phate termini (15), Moreover, in plants, 
where pre-U3 RNA is made by RNA Pol III 
(J6), the 5' end is modified by the addition 
of a methyl group to make a 7-mpppG cap 
(J 7). This is the same 5' modification that 
occurs to U6 RNA (J8), an RNA that also 
does not exit the nucleus (J, J9). 

The discovery that U3 RNA remains in 
the nucleus where it undergoes trimethyla­
tion raises the question of why some pre­
cursors of snRNAs are exported from the 
nucleus and others are not. Generally, 
RNAs undergo maturation in cell compart­
ments that are distinct from those in which 
they function. For example, spliceosomal 
snRNAs, which function in the nucleo­
plasm, are matured in the cytoplasm. By 
analogy, U3 RNA, which functions in the 
nucleolus (20), is likely to be matured in 

the nucleoplasm. So far, the location and 
identity of proteins (2 J) responsible for the 
stability, cap trimethylation, or nucleolar 
localization of U3 RNA are unknown. Sev­
eral nucleolar snRNAs made by RNA Pol 
II, such as U3, U8, and U13 RNAs (13), 
have common sequences that are good can­
didates for modification signals and nucle­
olar localization signals. We propose that, 
like U3 RNA, these other m2'2'7G-capped 
nucleolar snRNAs undergo maturation 
solely within the nucleus. 
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Role of Bone Marrow-Derived Cells in Presenting 
MHC Class l-Restricted Tumor Antigens 

Alex Y. C. Huang, Paul Golumbek, Mojgan Ahmadzadeh, 
Elizabeth Jaffee, Drew Pardoll,* Hyam Levitsky* 

Many tumors express tumor-specific antigens capable of being presented to CD8+ T cells 
by major histocompatibility complex (MHC) class I molecules. Antigen presentation models 
predict that the tumor cell itself should present these antigens to T cells. However, when 
conditions for the priming of tumor-specific responses were examined in mice, no detect­
able presentation of MHC class l-restricted tumor antigens by the tumor itself was found. 
Rather, tumor antigens were exclusively presented by host bone marrow-derived cells. 
Thus, MHC class l-restricted antigens are efficiently transferred in vivo to bone marrow-
derived antigen-presenting cells, which suggests that human leukocyte antigen matching 
may be less critical in the application of tumor vaccines than previously thought. 

Despite the presence of tumor antigens 
capable of being recognized by T cells (J), 
the persistent growth of tumors in their host 
indicates that T cells specific for their an-
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tigens have not been appropriately activat­
ed in vivo (2). Dissection of the immune 
response induced by vaccination with ei­
ther irradiated or genetically modified tu­
mor cells has shown that, as with other 
antigens, both CD4+ and CD8+ T cells are 
involved in generating the systemic anti­
tumor response (3, 4). Most likely, efficient 
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priming of anti-tumor immune responses 
results from collaboration between activat- 
ed tumor-specific CD4+ cells and CD8+ 
cells activated in proximity to each other. 

In many tumor vaccine models, the 
requirement for colocalized activation of 
helper and cytotoxic T lymphocytes 
(CTLs) presents an apparent paradox. Al- 
though T cell priming is thought to take 
place in the lymph nodes draining the 
vaccine site, tumor cells are rarely found in 
these draining lymph nodes. In the case of 
MHC class 11-restricted CD4+ T cell prim- 
ing, antigen-presenting cells (APCs) pick 
up antigens in the extracellular space and 
carry them to the draining lymph nodes, 
where they are processed and presented to 
T cells (5). The mechanisms of priming 
MHC class I-restricted CD8+ cells are less 
clear. The notion that host-derived APCs 
can efficiently ingest exogenous antigens for 
processing and presentation on MHC I to 
CD8+ cells in vivo has been considered 
improbable because the defined cellular 
pathways for MHC I antigen presentation 
require that the antigen be expressed en- 
dogenously in the cytoplasm or endoplas- 
mic reticulum of the cell that presents it 
(6). Thus, for a tumor-specific antigen cur- 
rent models would dictate that the tumor 
cell must present the MHC class I epitopes 
itself (7). 

However, cross-priming experiments 
have shown that bystander cells can present 
MHC class I-restricted minor histocompat- 
ibility antigens in vivo (8). It is unclear 
whether cross-priming is a minor bystander 
phenomenon or a critical pathway in the 
priming of MHC class I-restricted T cells. 
In the case of nonhematopoietic tumor 
cells, all of the tumor-specific antigen is 
expressed by a nonprofessional APC (one 
that does not have antigen presentation as 
its main function). We therefore designed a 
set of experiments to determine the relative 
role of tumor- versus host-derived APCs in 
the priming of immune responses to MHC 
class I-restricted tumor antigens. 

We generated a paired set of MHC class 
I- and MHC class I+ tumors. The C57BL/ 
6(B6) -derived B16 melanoma variant 
B78H1 does not express classical class I 
heavy chain genes (9). Transfection with 
the genes for the heavy chains of Kb, Db, or 
both restores expression of the correspond- 
ing class I molecule on the surface (desig- 
nated MHC class I+ B78H1) and renders 
the cells susceptible to killing by H-2b- 
specific alloreactive T cells (9). We first 
compared the relative abilities of MHC 
class I- B78H1 or MHC class I+ B78H1 
cells to prime mice for the generation of 
CTLs capable of lysing MHC class I+  
B78H1 target cells in vitro (10). Irradiated 
tumor cells transduced with granulocyte- 
macrophage colony-stimulating factor 

(GM-CSF) were used because GM-CSF- 
producing vaccines generate more potent 
anti-tumor immune responses than irradiat- 
ed wild-type vaccines (4). Equivalent CTL 
activity, blockable by monoclonal antibod- 
ies to CD8, was induced by both the MHC 
class I- and the MHC class I+ B78H1 
variants transduced with GM-CSF (Fig. 1). 

A parallel set of in vivo protection 
experiments was then done in which mice 
immunized with either the MHC class I- 
B78Hl.GM-CSF or the MHC class I+ 
B78Hl.GM-CSF variant were later subject- 
ed to lethal doses of live MHC class I+ 
B78H1 tumors (Fig. 2A). Again, equiva- 

lent in vivo protection was generated with 
either the MHC class I- or class I+ vac- 
cines. In vivo experiments in which differ- 
ent T cell subsets were depleted confirmed 
that for both the class I- and class I+ 
vaccines, systemic protection against the 
MHC class I+ B78H1 challenge was depen- 
dent on CD8+ T cells. Because irradiated 
wild-type B78H1 cells are moderately im- 
munogenic, it was possible to compare the 
in vivo immunization efficacy of vaccines 
that do not produce GM-CSF by decreasing 
(by 66%) the dose of live tumor cells used 
in challenging vaccinated animals (Fig. 
2B). Irradiated, nontransduced MHC class 

Fig. 1. Generation of CTLs against MHC class 40 - 
I +  B78H1 cells after immunization with class I -  
or class I +  variants of GM-CSF-transduced 
B78H1 (B78Hl.GM-CSF) cells. C57BL6 mice - 3 0 -  
were Immunized subcutaneously in the left $ 
flank with 1 x lo6 Irradiated (50 Gy) cells, either 'E ' 

MHC class I or MHC class I +  B78Hl.GM-CSF. 20 - 
After 2 weeks, splenocytes were removed and 

'; 

cultured for 5 days with mltomycin C-treated S 
MHC class I +  B78H1 cells ~n the presence of 10 - 
~nterleuk~n-2 At the end of the culture, live cells 
were mixed with 5'Cr-labeled MHC class I +  
B78H1 targets at different effector-to-target ra- 0 
tios anti-CD8 (E:T ratios) in a 4-hour, with or 51Cr without release the assay. addition Black of :A* 3:l 10:l E:T ratio 30:l 10O:l 

squares indicate immunization with class I +  
B78Hl.GM-CSF; black circles, immunization with class I B78Hl.GM-CSF; white squares, immu- 
nization with class I +  B78Hl.GM-CSF and block with anti-CD8 (mAb 2.43); white circles, immuni- 
zation with class I -  B78Hl.GM-CSF and block with anti-CD8; black triangles, no immunization; and 
white triangles, no vaccine with antiLCD8 treatment. 

Fig. 2. Protective immunity and survival aaainst A 
M H C  class I +  B78H1 challenge induced by 
either MHC class I -  B78H1 or MHC class I +  
B78H1 vaccines. (A) C57BLl6 mice were in- 
jected subcutaneously in the left flank with 1 x 
lo6 irradiated (50 Gy) B78Hl.GM-CSF cells 
(class I - ,  circles; class I + ,  squares). Animals 
were challenged 2 weeks later in the right flank 
with 1 x lo6 live MHC class I +  B78H1 cells. (B) 
C57BLl6 mice were iniected subcutaneouslv in 

m MHC+ vaccine, no depletion 
MHC-vaccine, no depletlan 
MHC'vaccine, CD8 depletion 

0 MHC vacclne, CD8 depletion 
A Novacclne control 

the left flank with either 1 x lo6 irradiated i50 
Gy) nontransduced MHC class I =  B78H1 or 
MHC class I +  B78H1 vaccines. Animals were "Oll-?!L- 0 
challenged 2 weeks later in the right flank with 0 20 40 60 80 

3.3 x lo5 live MHC class I +  B78H1 cells. For Days 
the results shown in both (A) and (B), the 
immunization-challenge experiments were 
done in intact (black symbols) and CD8-deplet loo 

ed (white symbols) mice. Tumor growth was 2 80 assessed twice a week by inspection and pal- 
pation. The data are presented as Kaplan- 60 MHC'vaccine, no depletion 

Meier plots. Triangles indicate no vaccine con- = 
MHC- MHC'vacclne, vacc~ne, no CUE depletlan deplet~an 

trol. Cells for injection were harvested from in 40 o MHC- vacc~ne, C D ~  depletion 
vitro culture by trypslnization after limited ex- 20 

A NO vacc~ne control 

pansion and washed three times in serum-free g 
Hanks' balanced salt solution. All injections 0 
were in 0 1 ml given subcutaneously In the left 0 20 40 60 80 100 

(vaccine) or right (challenge) flank. All experi- Days 

ments included 10 mice per group, and each was repeated at least once. Mice were monitored 
twice weekly and killed after development of tumors. CD8-depleted mice were generated by twice 
weekly injection of the CD8 mAb 2.43 beginning 1 week before vaccination (4).  No CD8+ cells 
could be detected in the depleted mice by analysis with flow cytofluorornetry. 
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I- B78H1 and MHC class I+ B78H1 vac- 
cines protected equivalently against chal- 
lenge with live MHC class I+ B78H1 tumor 
cells, both in a CD8-dependent fashion. 

Thus, expression of MHC class I by an 
immunizing tumor cell was unnecessary for 
the priming of tumor-specific CD8+, MHC 
class I-restricted cells. as measured both in 
vitro and in vivo. klthough our results 
suggest that tumor antigens have been effi- 
ciently transferred to host-derived MHC 
class I+ cells, it was also possible that the 
vaccine exclusively primes MHC class II- 
restricted CD4+ tumor-specific T cells and 
that activation of CD8 cells is occurring 
either in the stimulation phase in vitro or at 
the site of the MHC class I+ tumor chal- 
lenge in vivo. 

To more definitivelv address the issue of 
MHC class I-restricted tumor antigen pre- 
sentation during priming, we explored a 
model system in which a specific antigen 
with known MHC class I e ~ i t o ~ e s  was . . 
expressed by the tumor. Influenza nucle- 
oprotein (NP) is a convenient model anti- 
gen for this purpose because it has a pre- 
dominant MHC class I epitope in H-2b 
mice [NP(366-374)] presented by H-2Db] 
and a predominant epitope in H-2d mice 
[NP(l47-155) presented by H-2Kd] (1 1). 

A P815(H-Zd) + NP(147-155) target 

201 
Responden: 
BALBlc + (BALBIc x 86)Fl 

(BALBIc x B6)F1 /-- ,"/"-a 
U - 

5 0  8 6  -r (BALBIc x B6)F1 

.I 0  2 b - 4 b  6b sb 1;o 
5 
U .- E:T ratio - .- 
Y 

a MC57G(H-Zb) + NP(366-374) target 
'? 
a3 Responden: 
P 0 6  -r (BALWc x 86)F1 

The NP gene was introduced into the 
BALBIc-derived colon carcinoma, CT26, 
rendering it sensitive to lysis by H-Zd- 
restricted, but not H-Zb-restricted, CTLs 
specific for NP. The expression of NP did 
not change the in vivo growth characteris- 
tics of the tumor. Therefore, the NP gene 
product appears to resemble natural tumor 
antigens in that it is capable of being 
recognized by T cells yet does not alter the 
in vivo growth properties of the tumor. 
Although GM-CSF gene transduction en- 
hances the vaccine potency of CT26, irra- 
diated nontransduced CT26 vaccines also 
induce immune responses (4); thus, the 
specific contribution of local GM-CSF se- 
cretion to MHC class I-restricted antigen 
priming can also be assessed. 

Two sets of bone marrow chimeras were 
produced: BALBIc (H-2d) + (BALBIc x 
B6)F1 (H-2d"b) and B6 (H-2b) + (BALBIc 
x B6) F, (H-2d"b). Allele-specific antibody 
staining after reconstitution confirmed that 
all of the cells derived from bone marrow 
were donor-derived. Because the recipients 
are F,, they are tolerant to both H-Zd and 
H-Zb alloantigens, and their T cells should 
be positively selected for both H-Zb and 
H-Zd restriction. However, the bone mar- 
row-derived APCs were exclusively H-Zd in 

~ 8 1 5 ( ~ - Z d )  + NP(l47-155) target 

Responders: 

8 6  + (BALBlc x B6)F1 

~ K o ~ d o i o s o  Go 
E:T ratio 

M C ~ ~ G ( H - Z ~ )  + NP(366-374) target 
Responders: 

' "ld , , , , , , , :LBlc -r (BALWc x 86)F1 

0  
- 

0  20 40 60 80 100 
E:T ratio E:T ratlo 

Fig. 3. Epitope specificity of T cells from mice immunized with CT26.NP. (BALB/c x B6)F1 mice 
(squares), BALB/c (H-Zd) + (BALB/c x B6)F1 (H-Zdxb) chimeras (circles), or B6 (H-Zb) + (BALBlc 
x B6)F1 (H-2dxb) chimeras (triangles) were immunized with either CT26.NP (A) or CT26.NP.GM-CSF 
(B). Splenocytes from these mice were then stimulated with either NP(147-155) (top graphs) or 
NP(366-374) (bottom graphs) + (BALBlc x B6)F1 splenocytes. Cells were then mixed with 
51Cr-labeled P815 targets and NP(147-155) (H-Zd, top graphs) or MC57G targets and NP(366- 
374) (H-Zb, bottom graphs). Peptide-specific lysis represents the difference between the percent 
specific lysis of the target cells with the MHC-matched NP peptide and the percent specific lysis of 
the target cells with the MHC-mismatched peptide. In all cases, lysis of targets in the presence of 
the MHC-mismatched NP peptide was <5% at all effectortarget ratios. Data are representative of 
three separate experiments for (A) and two separate experiments for (B). 
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one case and H-Zb in the other case (12). 
In the first set of experiments these chime- 

ras, as well as nonchimeric (BALBIc x B6)F1 
(H-2d"b) mice, were immunized with irradiat- 
ed CT26-NP. After immunization, splenic T 
cells were removed and stimulated with either 
NP(147-155) or NP(366-374) plus H-2d"bF1 
splenocytes. The T cells were then tested for 
lysis of 51Cr-labeled NP(147-155)-sensitized 
P815(H-2d) targets or NP(366-374)-sensi- 
tized MC57G(H-2b) targets. With this exper- 
imental design, distinct results are predicted 
depending on whether the tumor cell itself is 
the APC for MHC class I-restricted NP 
epitopes or whether host bone marrow-de- 
rived cells are the APCs for MHC class 
I-restricted NP epitopes. If the CT26 tumor 
cell is the exclusive APC, then in all circum- 
stances the CTLs generated will Be specific 
for the NP(147-155) epitope. In' contrast, if 
bone marrow-derived APCs are the exclusive 
APCs in the priming of the C T L  response to 
NP, the CTLs generated should be exclusive- 
ly specific for NP(147-155) in the H-2d + 
H-2d"b chimera and for NP(366-374) in the 
H-2b + H-2b"d chimera. If both the tumor 
cell and host bone marrow-derived cells can 
act as APCs for the MHC class I epitopes on 
NP, then a mixed result is expected. 

The specificity of NP-specific CTLs was 
determined exclusively by the MHC haplo- 
type of the bone marrow donor (Fig. 3A). 
In the CT26-NP-immunized F, animals, 
both specificities were seen. In the H-2d + 
H-2d"b chimera, all of the CTLs were spe- 
cific for the NP(l47-155) epitope. In the 
H-2b + H-2bxd chimera, where the MHC 
haplotype of the bone marrow-derived 
APCs is exclusively H-Zb and different from 
the haplotype of CT26 (H-2d), all of the 
NP-specific activity was directed at the 
Db-restricted NP(366-374) epitope. Simi- 
lar results were seen whether or not the 
GM-CSF-producing vaccine was used (Fig. 
3B), which indicates that presentation of 
MHC class I-restricted tumor antigens by 
bone marrow-derived cells was not a prop- 
erty solely related to the effects of paracrine 
GM-CSF secretion. When MHC class I- 
B78Hl.NP.GM-CSF cells were used to im- 
munize (BALB/c x B6)F1 mice, CTLs spe- 
cific for both the NP(366-374) epitope and 
the NP(147-155) epitope were generated 
(13). Similar results were obtained when 
responder T cells were purified, ruling out 
the possibility that the apparent restriction 
of antigen presentation to bone marrow- 
derived MHC alleles was a result of selec- 
tive presentation of NP nonapeptides by 
APCs from the immunized chimera relative 
to the F, splenocytes added to the in vitro 
stimulation phase of the assay (1 4). 

Although earlier studies have shown 
that thymic epithelial elements that are 
radioresistant mediate positive selection 
(15), it was formally possible that in our 
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chimeras the results obtained were due to 
selection of the T cell re~ertoire bv bone 
marrow-derived thymic siromal elements. 
If such were the case, CD8 responses to NP 
epitopes presented by MHC class I alleles 
that were not expressed by bone marrow 
would not be observed because T cell Dre- 
cursors with those specificities were never 
selected during thymic development. To 
rule out this possibility, the H-Zb + H-Zdxb 
chimeras were tested for their ability to be 
primed against H-2d-restricted DBAIZ mi- 
nor histocompatibility antigens after injec- 
tion with DBAIZ splenocytes (16). The 
H-2d-restricted DBAIZ minor histocomoat- 
ibility antigen responses were observed, 
which indicates that H-Zd-restricted T cells 
developed in our H-Zb + H-Zkb chimeras 
(Fig. 4). In contrast to tumor antigens 
expressed by nonhematopoietic tumors, the 
minor histocompatibility antigens were al- 
ready expressed endogenously by bone mar- 
row-derived APCs within the immunizing 
splenocyte population. They can therefore 
be presented by the MHC class I antigen of 
these APCs using the classical endogenous 
pathway without requiring cell transfer. 

The data presented here indicate that 
the priming of an immune response 
against an MHC class I-restricted antigen 
that is expressed exclusively in nonhe- 
matopoietic cells, such as a tumor antigen, 
involves the transfer of that antigen to a " 
host bone marrow-derived cell before its 
presentation to CD8+ T cells. Thus, the 
cross-priming phenomenon is not a minor 
bystander effect but rather may represent 
an important mechanism for antigen pre- 
sentation during in vivo priming. Our data 

Responders 

provide an explanation for the ability of 
tumor variants that have lost their MHC 
to prime against tumor antigens normally 
presented by the down-regulated MHC 
allele (1 7). Our results are not specific to 
immunization with GM-CSF-transduced 
tumor vaccines, which suggests that trans- 
fer of MHC class I-restricted tumor anti- 
gens to host bone marrow-derived APCs 
may be a critical feature of many types of 
tumor vaccines. It has been proposed that 
the priming of CD8+ CTLs by bone mar- 
row-derived APCs would be detrimental, 
because the APCs themselves would be 
killed (1 8). However, if the critical prim- 
ing APCs were continuously generated by 
the differentiation of circulating precur- 
sors, then they would be expendable. Sup- 
port for such an idea comes from the 
demonstration that GM-CSF can induce 
circulating precursors in both mice and 
humans to differentiate into dendritic cells 
(19). 

As vet, there is no clearlv defined mech- 
anism 'by' which exogenous antigens can 
efficiently enter the class I compartment. 
However, a subset of macrophages can pre- 
sent exogenous antigens on MHC class I to 
CD8+ T cell clones in vitro (20). Srivas- 
tava and colleagues have identified a heat 
shock protein, gp96, that binds MHC class 
I-restricted antigenic peptides (2 1 ) . Al- 
though this protein has been postulated to 
normally function in the intracellular trans- 
fer of antigens onto nascent MHC class I " 

molecules, it might also serve as a vehicle 
to efficiently transfer class I-restricted pep- 
tide antigens to other cells in vivo. 

Because of the common difficulty in 
obtaining large amounts of autologous tu- 
mors, many investigators have proposed 
and undertaken the development of alloge- 
neic tumor vaccines (22). The rationale 
behind this strategy comes from the identi- 
fication of common tumor antigens, a find- 
ing well-documented in human melanoma. 

E:T ratio 

Fig. 4. Recognition of H-2d-restricted DBA mi- 
nor histocompatibility antigens by splenocytes 
from C57BL6 (H-Zb) + (BALBlc x B6)F1 (H- 
ZdXb) chimeras. BALBlc (H-Zd) (a), DBAJ2 
(H-Zd) (W) ,  BALBlc (H-Zd) + (BALBlc x B6)F1 
(H-ZdXb) (O), and B6 (H-Zb) -, (BALBlc x 
B6)F, (H-ZdXb) (A) chimeras were immunized 
with DBAI2 splenocytes. T cells from these 
mice were subsequently stimulated with DBAI2 
splenocytes in vitro. Cells were then mixed with 
SICr-labeled P815(H-Zd) in a 4-hour CTL as- 
say. The percent CD8-blockable lysis was the 
difference between the percent of overall lysis 
and the percent lysis of the target cells in the 
presence of mAb 2.43 (anti-CD8). 

" 

For many of the allogeneic tumar vaccine 
protocols, patient enrollment has been re- 
stricted to individuals sharing at least one 
human leukocyte antigen (HLA) class I 
allele with the vaccine. In most cases, the 
shared HLA allele is HLA-AZ, which is 
expressed by more than 50% of Caucasians. 
Our results raise the possibility that for 
these vaccine strategies, it may not be 
necessary to match MHC alleles because 
the appropriate epitopes would be selected 
by the host's APCs, which are MHC- 
matched to the individual's tumor. In con- 
sidering the use of HLA-mismatched tumor 
vaccines, the ultimate immune response 
can be modified by allogeneic effects not 
present in our experiments. Recent data, 
however, suggest that allogeneic effects may 
enhance anti-tumor immune responses 
(23). 
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Cloning of a T Cell Growth Factor That Interacts 
with the p Chain of the Interleukin-2 Receptor 

Kenneth H. Grabstein, June Eisenman, Kurt Shanebeck, 
Charles Rauch, Subhashini Srinivasan, Victor Fung, 

Courtney Beers, Jane Richardson, Michael A. Schoenborn, 
Minoo Ahdieh, Lisabeth Johnson, Mark R. Alderson, 
James D. Watson, Dirk M. Anderson, Judith G. Giri 

A cytokine was identified that stimulated the proliferation of T lymphocytes, and a com- 
plementary DNA clone encoding this new T cell growth factor was isolated. The cytokine, 
designated interleukin-1 5 (IL-15), is produced by a wide variety of cells and tissues and 
shares many biological properties with IL-2. Monoclonal antibodies to the 6 chain of the 
IL-2 receptor inhibited the biological activity of IL-15, and IL-15 competed for binding with 
IL-2, indicating that IL-15 uses components of the IL-2 receptor. 

T h e  proliferation and differentiation of T 
lymphocytes is regulated by cytokines that 
act in combination with signals induced by 
the engagement of the T cell antigen recep- 
tor. A principal cytokine used by T cells 
during immune responses is IL-2 ( I  ) , itself a 
product of activated T cells. IL-2 also stim- 
ulates a number of other cell types, includ- 
ing B cells, monocytes, lymphokine-acti- 
vated killer cells, natural killer cells, and 
glioma cells (2). IL-2 interacts with a spe- 
cific cell surface receptor (IL-ZR) that con- 
tains at least three subunits, a, p, and y 
(3). A number of other cytokines also 
stimulate the ~roliferation of T cells. and 
recent evidence has suggested that the re- 
ceptors for several of these eytokines in- 
clude the y chain of IL-2R (4). We describe 
a cvtokine whose bioloeical activitv resem- 
bles that of IL-2 and wYhich also uses com- 
uonents of IL-2R. 

In the course of testing supernatants 
from a simian kidney epithelial cell line, 
CV-l/EBNA (5), for cytokine activity, it 
was discovered that these cells produced a 
soluble factor capable of supporting prolif- 
eration of the IL-2-dependent cell line, 
CTLL (6). The protein responsible for this 
biological activity was purified from serum- 
free suuernatants of CV-1IEBNA cells 
by a combination of hydrophobic interac- 
tion and anion-exchange chromatography, 
high-pressure liquid chromatography 

lmmunex Research and Development Corporation, 51 
University Street, Seattle, WA 98101, USA. 

(HPLC), and SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (Fig. lA, bot- 
tom). Analysis of the biological activity in 
the final HPLC fractions (Fig. lA, top) and 
in horizontal slices of the SDS-PAGE gel 
(Fig. 1B) indicated that the activity coin- 
cided with a band of approximately 14 to 15 
kD. This protein was blotted to a polyvi- 
nylidene difluoride (PVDF) membrane, and 
the NH,-terminal residues were directly 
sequenced. We used degenerate oligonucle- 
otide primers on the basis of this amino acid 
sequence and the polymerase chain reac- 
tion (PCR) to clone a 92-base pair (bp) 
complementary DNA (cDNA) fragment 
from mRNA of CV-l/EBNA cells. This 
cloned cDNA fragment was used to probe a 
plasmid library containing cDNA inserts 
prepared from mRNA of CV-l/EBNA cells. 
A full-length cDNA clone was obtained that 
encodes a 162-amino acid precursor polypep- 
tide containing an unusually long 48-amino 
acid leader sequence that is cleaved at the 
experimentally determined NH2-terminus to 
form the mature protein. The amino acid 
sequence (Fig. 1C) exhibits no similarity to 
any protein in GenBank or EMBL databases. 
However, IL-15 and IL-2 sequences were 
compared to determine if there might be 
structural similarities. The three-dimensional 
(3D) structure of IL-2 (7) consists of a four- 
helix bundle, and IL-2 belongs to the helical 
cytokine family (8). Although the members 
of this family show no sequence similarity, 
they show many structural similarities, and 
IL-15 is no exception. The secondary struc- 
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