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The stimulation of antigen-specific CD8+ T cells by the presentation of antigen acquired from outside the cell 
was the startling conclusion of Michael Bevan’s work done more than 30 years ago.

Cross-priming, a mechanism by which 
CD8+ T cells are primed, is well estab-

lished and much studied now, but there were 
two periods when the idea that noninfectious 
material could be ‘taken up’ by antigen-pre-
senting cells and then be processed and pre-
sented on major histocompatibility complex 
(MHC) class I molecules to cytotoxic CD8+ 
T cells was, to say the least, a hard concept 
to swallow. In the 1970s, when the phenom-
enon of cross-priming was first noted, the 
mechanism seemed to challenge the simplest 
form of the ‘altered-self ’ hypothesis of T cell 
recognition, that a self-restricting element 
plus antigen was the functional unit of T cell 
recognition. Then, 10 years later, the 1980s 
brought the idea of cross-priming to the fore 
again because it seemed to violate the neat 
and tidy distinction between the MHC class I 
(endogenous) and MHC class II (exogenous) 
pathways of antigen presentation to cytotoxic 
T cells and helper T cells, respectively.

I was a postdoctoral fellow in Mel 
Cohn’s lab at the Salk Institute in La Jolla, 
California, in 1974 when Peter Doherty and 
Rolf Zinkernagel proposed the altered-self 
hypothesis to explain the MHC restriction 
of cytotoxic T cell recognition1. According 
to that hypothesis, cytotoxic T cells induced 
by viral infection have a single receptor that 
recognizes self MHC products that have 
been altered by the virus. This was a beau-
tiful insight and much too good not to be 
true! The explanation could easily extend 
to the observed MHC-restricted killing, 

by cytotoxic T lymphocytes, of target cells 
chemically modified by haptens2. I had 
been studying alloreactive cytotoxic T cell 
responses induced in mixed-lymphocyte 
cultures. Only when responder and stimula-
tor cells differed at the MHC was killer activ-
ity observed, a finding that was true even 
though the monumental work of George 
Snell and others had shown there were doz-
ens of other loci in the mouse genome that 
were associated with tissue graft rejection3. 
Those non-MHC loci were referred to as 
‘minor histocompatibility’ loci (or antigens). 
At some stage before the altered-self bomb-
shell exploded, I began to wonder whether 
killer cells could be induced across a differ-
ence in minor antigens if the responder ani-
mal had been primed in vivo before setting 
up the mixed lymphocyte culture. Thinking 
back, I had some BALB/c mice primed with 
cells from the MHC-identical B10.D2 strain 
ready for use. Liz Simpson’s group in London 
was probably also at a similar point in their 
study of cytotoxic responses to the male-spe-
cific transplantation antigen H-Y. Working 
separately, we both showed that cytotoxic T 
cell responses to differences only at minor 
histocompatibility antigens can be detected 
after in vivo priming and in vitro boosting; 
notably, they are MHC restricted4,5.

In those days so little was known of the 
molecular basis of T cell recognition that 
it was easy to suppose that viral gene prod-
ucts, haptens and even unknown products 
of minor histocompatibility loci (which 
had been suggested to be endogenous viral 
genomes) might irreversibly modify the 
MHC-restricting protein. In the system that 
I was using, the observed MHC restriction 
of minor histocompatibility antigen recogni-
tion was very strict (specific) at the effector 
level in vitro. I was very surprised, then, when 

further experiments showed that the strict 
MHC restriction was not apparent after in 
vivo priming. The experiment was as follows: 
a responder mouse expressing H-2b and H-
2d alleles at the MHC (H-2b/H-2d mouse), 
primed in vivo with cells homozygous for H-
2b and differing in minor histocompatibility 
antigens (‘minor different’) demonstrated 
a strong in vitro secondary boost killing 
response against not only ‘minor-different’ 
H-2b targets but also against ‘minor-differ-
ent’ H-2d targets6. Unexpectedly, I obtained 
that result even though the H-2b-restricted 
cytotoxic T lymphocyte killer cells could not 
recognize the H-2d targets and vice versa.

My colleagues Mel Cohn and Rod Langman 
welcomed those findings as evidence that the 
altered-self hypothesis was wrong and that 
MHC restriction was better explained by 
dual recognition of two independent enti-
ties, self MHC and foreign antigen, expressed 
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on the target cells, and two separate recep-
tors on the CD8 T cells, one for self MHC 
and one for the foreign antigen. However, 
I was not so ready to abandon the principle 
of one T cell receptor recognizing altered 
self (that is, self MHC plus foreign antigen) 
and proposed instead in my first paper on 
cross-priming that the observation might be 
explained as a ‘carrier’ effect. According to 
that hypothesis, naive cytotoxic T cells are 
in fact not cross-primed, but helper CD4 T 
cells are, which could explain the secondary 
cytotoxic response in much the same way as 
primed helper T cells are known to help B 
lymphocytes respond faster. Actually, consid-
erable previous work on the immunogenetics 
of tissue transplantation had demonstrated 
cross-priming at the level of accelerated skin 
graft rejection, and the ‘helper’ explanation 
could be applied there also3. Fortunately, I 
was prepared to test that hypothesis and, 
more directly, to test whether cross-priming 
did or did not occur at the level of the cyto-
toxic CD8 T cell precursors.

With help from Cohn and Langman, I had 
devised a way to activate T cells ‘polyclon-
ally’ (in an antigen-independent way) and 
to assay for specific killer activity against 
alloantigens7. CD8 T cells that had been 
activated with concanavalin A were washed 
free of the mitogen and then were ‘titrated’ 
for lysis of labeled targets. When the CD8 T 
cells from a naive mouse were prepared in 
this way, the only specific killing found was 
against targets that differed at the MHC (a 
true ‘allo-response’), whereas no killing of 
MHC-identical targets that differed only at 
minor histocompatibility antigens could be 
detected. If, however, concanavalin A–simu-
lated CD8 T cells came from a mouse that 
had been primed months earlier with ‘minor-
different’ cells, killing of cells expressing the 
minor antigens could be found.

Using that powerful polyclonal activa-
tion technique, I was able to demonstrate 
that spleen cells from the H-2b/H-2d mouse 
that had been primed with ‘minor-different’, 
homozygous H-2b cells contained increased 
numbers of both H-2b- and H-2d-restricted 
cytotoxic CD8 T cells. That result showed 
that cross-priming of cytotoxic CD8 T cells 
had occurred8. Not satisfied with that posi-
tive result alone, in another experiment I 
sought to determine whether helper CD4 
T cell priming (via the carrier effect) could 
explain the original cross-priming result, but 
I could find no such evidence9. After obtain-
ing those exciting results, I devoted more 
of my attention to the positive selection of 
the T cell repertoire in the thymus. In addi-
tion, cross-priming was mostly ignored by 

those working on cytotoxic T cell responses 
induced by viral infection.

After leaving Mel Cohn’s lab, I spent 5 years 
at the Massachusetts Institute of Technology 
before returning to La Jolla, California, 
and the Scripps Research Institute. Great 
progress had been made in the meantime 
in defining altered self-recognition at the 
molecular level. It had become apparent 
that T cell receptors recognize foreign pep-
tide bound in the groove of MHC class I or 
class II molecules. Studies of the cell biol-
ogy of antigen processing and presentation 
had also made great strides and had shown 
that MHC class I and class II molecules are 
loaded with peptides in different cellular 
locations. MHC class I molecules, according 
to the paradigm developing at that time, are 
loaded with peptides derived from cytosolic 
degradation before they exit the endoplasmic 
reticulum. In contrast, the groove of nascent 
MHC class II molecules is ‘protected’ until 
the molecules have trafficked through the 
Golgi to endosomal or lysosomal vesicles. 
Thus, the array of peptides bound by MHC 
class I are derived from endogenous protein 
substrates degraded into peptides in the 
cytosol and shunted into the endoplasmic 
reticulum, whereas foreign peptides loaded 
onto MHC class II molecules are derived 
mainly from exogenous proteins taken up via 
endocytosis and degraded in lysosomes. That 
dichotomy made perfect sense because MHC 
class I–restricted killer T cells were thought 
to target virus-infected or damaged cells that 
synthesize (in a host cell) ‘foreign’ antigens, 
whereas the job of MHC class II–restricted 
T cells was thought to be to provide help, 
or activation signals, to B lymphocytes and 
other MHC class II–expressing cells that take 
up foreign antigen and process it in lyso-
somes to peptides that are presented on the 
cell surface. At the time, it seemed that the 
division of the antigenic world as ‘seen’ by T 
cells was complete: cytotoxic T cells recog-
nize endogenous foreign antigens, whereas 
helper T cells recognize exogenous foreign 
antigens.

I think I was the only person at the time who 
felt more than a little uncomfortable with the 
absolute categorization of antigens as being 
strictly CD8 endogenous or CD4 exogenous. 
One reason for this was that I knew from the 
old work on minor histocompatibility antigen 
priming that exogenous cellular material does 
in fact access the MHC class I pathway of anti-
gen presentation, thereby causing very efficient 
induction of a cytotoxic T cell responses. Yet 
the biochemistry of processing was correct and 
the logic was undeniable. How could both the 
new and old views be preserved?

The key events for me were the experi-
ments by Frank Carbone and my discussions 
with him. He had established ovalbumin, 
which had long been a favorite exogenous 
antigen for priming helper CD4 T cells, as an 
MHC class I–restricted antigen for cytotoxic 
T cells. Using that system, he had shown that 
although in vivo injection of large amounts 
of soluble antigen fail to prime MHC class 
I–restricted T cells, injection of nano-
gram amounts of antigen associated with 
dead or dying cells does prime MHC class 
I–restricted cytotoxic T cells10. Suddenly it 
was clear: exogenous antigen could prime 
both CD4 helper cells and CD8 killer cells. 
The logic of focusing solely on cellular anti-
gens for CD8 killer cells, moreover, could 
be preserved if phagocytosis of apoptic and 
necrotic cellular material (not pinocytosis of 
soluble material) allowed antigen to access 
the endogenous pathway of MHC class 
I–restricted antigen presentation11. The 
endogenous-exogenous division at the level 
of ‘professional’ antigen presentation could 
thus be refined as phagocytosis of exogenous 
cellular or particulate antigen leading to 
the MHC class I pathway and pinocytosis 
of soluble antigen leading to MHC class II 
loading (writing this now, I know that there 
are examples of soluble antigen priming of 
cytotoxic T cells, but the logic still seems 
strong to me).

Subsequent work showed that a subset of 
dendritic cells is in fact specially equipped 
to phagocytose dying cells and to shunt the 
antigen into the MHC class I processing and 
presentation pathway to initiate cross-prim-
ing12,13. Also, in another exciting application, 
this pathway of antigen presentation to MHC 
class I–restricted T cells has been shown to 
be a process occurring continuously in the 
body, even in the absence of foreign antigenic 
challenge. Dendritic cells in lymphoid tissue 
cross-present self antigens from other cells 
constitutively and by this means enforce self-
tolerance of MHC class I–restricted cells14. 
Even now, however, the molecular basis of 
cross-priming–cross-presentation (how 
antigen passes from the phagosome to the 
cytosol) remains obscure.

Real-time movies are widely available of 
immunofluorescence-labeled CD8 and CD4 
T cells scanning and interacting with den-
dritic cells in lymph nodes. It is hard to imag-
ine that a tumor cell or an infected stromal 
cell could compete with a dendritic cell for 
engaging naive T cells and recruiting them to 
a response. Consequently, it is equally hard 
to imagine that ‘professional’ antigen presen-
tation by means of cross-presentation is not 
a chief part of priming T cell responses.
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