
Introduction
Tumor-associated antigens are largely tissue-specific or
differentiation antigens encoded by normal genes
(1–4). This has been established primarily with
melanoma wherein, with rare exceptions, the associat-
ed antigens are either (a) a class of lineage-specific
melanosome membrane proteins also expressed by nor-
mal melanocytes, or (b) differentiation proteins
expressed by melanoma cells and spermatozoa (5–7).
Differentiation antigens are also involved in immuni-
ty to other tumors, including colon, breast, prostate,
and pancreatic carcinomas (6, 8). These proteins, and
corresponding peptides, are therefore true self-anti-
gens, and the immune responses elicited against them
are true autoimmune responses.

An organism uses several mechanisms to confer self-
tolerance and avoid harmful autoimmune responses,
including negative selection in the thymus, deletion or
anergy of peripheral T cells by incompetent antigen-pre-
senting cells, such as immature dendritic cells (DCs),
and immunosuppression by regulatory T cell subsets
(8). Several of these tolerance mechanisms have been

invoked to explain the absence or weak immune
responses to tumor-associated antigens. Nevertheless, a
variety of approaches have been used to circumvent
peripheral tolerance and elicit T cell responses against
tumor self-molecules, particularly with melanoma,
including vaccination with whole tumor cell extracts,
recombinant vaccinia incorporating melanocyte-specif-
ic antigenic peptides, or cDNA-based vaccines encoding
such epitopes (1, 6). DCs fused to tumor cells pulsed
with peptides or transfected with RNA- or DNA-encod-
ing tumor antigens have also been used (9, 10). Howev-
er, although significant progress has been made, break-
ing tolerance for poorly antigenic self-peptides
expressed by tumor cells remains a major challenge.

It is well-known that lymphopenia is followed by
spontaneous expansion of the remaining T cells in the
periphery to restore the original T cell pool size and
maintain homeostasis (11). Recent studies have shown
that lymphopenia-induced homeostatic proliferations
of CD4+ and CD8+ T cells in the periphery are driven by
recognition of self-MHC/peptide ligands similar to
those that control their positive selection in the thymus
(12–14). Thus, a certain degree of continuous
autorecognition is a physiologic requirement to main-
tain T cell homeostasis. Since homeostatically prolif-
erating T cells share some characteristics with effec-
tor/memory cells (12–14), we hypothesized that this
self-MHC/peptide–driven proliferation could, under
certain circumstances, be sufficient to induce autoim-
mune disease manifestations (15). Considering that
self-molecules are the target of T cell antitumor
responses, we now demonstrate that homeostatic T cell
proliferation can lead to an autoimmune response
against tumors that, in this case, is highly desirable and
beneficial to the host.
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Methods
Mice. C57BL/6 (H2b, Thy1.2+) and B6.PL (H2b, Thy1.1+)
mice, 6–8 weeks of age, were obtained from the rodent-
breeding colony at The Scripps Research Institute.
B6.Rag–/– and B6.LTα–/– mice (H2b, Thy1.2+) were pur-
chased from The Jackson Laboratory (Bar Harbor,
Maine, USA). C57BL/6 mice transgenic for the 2C T
cell receptor, which recognizes SIYRYYGL peptide in
association with MHC class I Kb molecule (16), were a
gift from Jonathan Sprent (The Scripps Research Insti-
tute). B6.β7/CD62L–/– mice were provided by Norbert
Wagner (University of Cologne, Cologne, Germany).

Tumor cell injections. The B6-derived B78D14 murine
melanoma (17) and the MC-38 colon cancer cell line
(18) have been described. Mice were challenged subcu-
taneously in the left front flank with 5 × 105 melanoma
cells or 105 colon carcinoma cells and examined every
other day. Tumor diameters were measured in two
dimensions, and their volume was determined accord-
ing to 1/2 × length × width2.

Adoptive transfer of T cells. Whole lymph node (LN) or
purified T cells were adoptively transferred by intra-
venous injection (5 × 106 or 5 × 107) into syngeneic
recipients. Lymphopenia was induced by sublethal irra-
diation (600 cGy) of B6 mice 1 day before donor cell
injection, while B6.Rag–/– mice, lacking T and B cells,
were used nonirradiated. For purification of CD4+ and
CD8+ T cells, whole LN cell suspensions were stained
with FITC-conjugated anti-CD4 or anti-CD8 Ab
(PharMingen, La Jolla, California, USA) and sorted
using a FACS Vantage cell sorter (Becton Dickinson
Immunocytometry Systems, Mountain View, Califor-
nia, USA). A fraction of the cell populations was con-
sistently screened by FACS analysis for expression of
activation markers (CD44, CD25, CD69, CD45RB,
CD62L) prior to injection. Lymph node T cells deplet-
ed of regulatory CD25+ cells were prepared using an
AutoMACS magnetic cell sorter (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), according to the manufac-
turer’s protocols and as detailed by Gavin et al. (19);
CD25– populations were 98% pure.

In vivo proliferation and FACS analyses. To establish
homeostatic T cell proliferation of different popula-
tions in various hosts, donor cells were labeled with the
intracellular fluorescent dye carboxyfluorescein-diac-
etate-succinimidyl-ester (CFSE; Molecular Probes Inc.,
Eugene, Oregon, USA) prior to adoptive transfer, as we
described previously (20). Donor cell proliferation was
measured by stepwise reduction of CFSE intensity
using FACS analysis on day 7; distinct peaks represent
the number of cell divisions in LN and spleen cell sus-
pensions. Identification of donor T cells was accom-
plished by staining with a biotinylated anti-Thy1.1 or
anti-Thy1.2 Ab (PharMingen), followed by Cy5-conju-
gated streptavidin (Jackson ImmunoResearch Labora-
tories Inc., West Grove, Pennsylvania, USA).

CFSE levels were measured on gated Thy1.1+CD4+ or
Thy1.1+CD4– (CD8+) donor cells. The numbers of
Thy1.1+ donor cells in the recipients’ secondary lymphoid

organs (LNs and spleen) were calculated using the per-
centage of distribution of cells in FACS dot plots com-
bined with total cell counts from the respective single cell
suspensions. CFSE histograms were used to calculate the
percentages of proliferating donor cells that had under-
gone one or more cell divisions.

Cytotoxicity and IFN-γ assays. To assess tumor-specif-
ic cytotoxicity, effector splenocytes were obtained at
10 days after challenge from B6 mice that were sub-
lethally-irradiated, transfused with 5 × 106 syngeneic
lymph node cells, and injected with B78D14
melanoma cells. The splenocytes were cultured at
37°C for 48 hours with either irradiated B78D14
melanoma cells or the irrelevant MC-38 colon carci-
noma cells at 100:1 effector-to-target cell ratios. Sub-
sequently, cytotoxicity was assessed at 200:1, 100:1,
and 50:1 effector-to-target cell ratios using a standard
4-hour 51Cr-release assay. The percentage of target cell
lysis was calculated as follows: [(experimental release
cpm) – (spontaneous release cpm)] / [(total release
cpm) – (spontaneous release cpm)] × 100.

For IFN-γ determination, effector splenocytes were
harvested at day 35 after challenge from sublethally
irradiated syngeneic LN cell–transfused (5 × 106) and
B78D14 melanoma cell–injected B6 mice. Effector
splenocytes were cultured as noted above with irradi-
ated relevant (B78D14) or irrelevant (MC-38) tumor
cells at 100:1 effector-to-target cell ratios and super-
natant collected at 72 hours. IFN-γ was measured using
a commercial kit (OptEIA mouse; PharMingen),
according to manufacturer’s instructions, and concen-
trations were expressed as picograms per milliliter rel-
ative to the standard curve.

Immunohistochemistry. Tumor specimens and regional
LNs were embedded into OCT compound (Tissue-Tek)
and snap-frozen in liquid nitrogen. Immunohisto-
chemistry was performed for CD4+, CD8+, CD56+, and
Thy1.1+ cells according to standard procedures.

Statistics. Statistical significance was determined by
the two-tailed Student t test, and P values less than 0.05
were considered significant.

Results
Growth of melanoma in lymphopenic hosts transfused with
syngeneic T cells. Sublethal irradiation (600 cGy) is a
common means of inducing lymphopenia in mice to
study homeostatic proliferation after adoptive transfer
of syngeneic T cells. In this system, donor T cells are dif-
ferentiated from recipient cells by allelic markers (i.e.,
Thy 1.1/1.2 or CD45) and/or intracellular dyes (i.e.,
CFSE) (13). We used these approaches to determine
whether homeostatic T cell expansion is associated
with protective antitumor autoimmunity.

Nonirradiated and sublethally irradiated C57BL/6
(B6) mice were challenged 24 hours after irradiation
with a subcutaneous injection of 5 × 105 B78D14
melanoma cells, and tumor growth was assessed. As
expected, at day 52 after challenge, all control nonirra-
diated mice had developed large tumors, with a mean
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size of 3,837 ± 917 mm3 (Figure 1a). In contrast, the
mean tumor size for the sublethally irradiated recipi-
ents was 1,924 ± 111 mm3 (P < 0.05).

We then examined whether the antitumor effect
after irradiation alone could be enhanced by adoptive
transfer of syngeneic T cells, since homeostatic T cell
expansion subsequent to irradiation only is protract-
ed, and the T cells do not appear to be fully function-
al. To this end, B6 mice (Thy1.2+) were sublethally irra-
diated, transfused 24 hours later with either 5 × 106 or
5 × 107 syngeneic B6.PL (Thy1.1+) LN cells, and chal-
lenged with 5 × 105 B78D14 melanoma cells. Transfu-
sion of the smaller cell dose led to a further reduction
in tumor size compared with nontransfused sub-
lethally irradiated mice (655 ± 496 mm3 vs. 1,924 ± 111
mm3, P < 0.02; Figure 1a). Tumor growth inhibition
was even more evident in mice transfused with 5 × 107

LN cells, with tumors reduced to almost undetectable
levels in four of seven animals at day 30 after challenge
and an average tumor size of 210 ± 271 mm3 at day 52
(P < 0.01, Figure 1a).

Proliferation characteristics of 5 × 106 or 5 × 107

CFSE-labeled syngeneic B6.PL LN cells transfused into
sublethally irradiated B6 recipients at day 7 after trans-
fer are shown in Figure 1b. The smaller population of T
cells undergoes more divisions, as defined by the num-
ber and size of peaks depicting diminishing CFSE inten-
sity. The higher number of transferred donor cells pro-
liferated more slowly, consistent with the idea of less
available space (20). Yet, when the percentage of donor
(Thy1.1+) T cells that had entered one or more divisions
was analyzed in host LN and spleen cell suspensions on
day 7, we calculated that approximately ten times more
donor cells proliferated with the larger than with the
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Figure 1
Inhibition of melanoma growth by homeostatic T cell proliferation. (a) Nonirradiated (circles) or sublethally irradiated (squares) C57BL/6
mice were challenged subcutaneously with 5 × 105 B78D14 melanoma cells. Groups of irradiated mice were transfused with 5 × 106

(inverted triangles) or 5 × 107 (triangles) syngeneic B6.PL LN cells. Means and standard deviation of tumor growth are indicated (all
groups, n = 7). (b) Proliferation profiles of gated Thy1.1+CD4+ and Thy1.1+CD4– (CD8+) cells in secondary lymphoid organs shown as
CFSE histograms. Upper panel: nonirradiated C57BL/6 mice (Thy1.2+) transfused with 107 B6.PL (Thy1.1+) cells; middle panel: C57BL/6
mice irradiated and transfused with 5 × 106 B6.PL LN cells; lower panel: C57BL/6 mice irradiated and transfused with 5 × 107 B6.PL LN
cells. FACS dot plots of host lymphoid organs are depicted to the right. (c) Total number of proliferating (one or more cell divisions)
donor CD4+ and CD8+ cells in C57BL/6 recipients of 5 × 106 or 5 × 107 B6.PL LN cells calculated from data presented in b.

Figure 2
Polyclonal homeostatic expansion of CD8+ T cells is sufficient for melanoma growth inhibition. (a) Nonirradiated (circles) and irradiated
(triangles) B6.RAG–/– mice challenged with melanoma cells show no difference in tumor growth (n = 5 for each group). (b) Transfusion of
5 × 106 syngeneic B6.LN cells to nonirradiated B6.RAG–/– mice leads to significant melanoma growth inhibition (triangles) compared with
nonirradiated, nontransfused controls (circles). Adoptive transfer of purified C57BL/6 CD8+ T cells is sufficient to exert an antitumor effect
(squares) equal to that of whole LN cells (all groups, n = 7). (c) Adoptive transfer of 5 × 106 2C CD8+ TCR transgenic cells into irradiated
B6 hosts (triangles) did not enhance the antitumor effect achieved by irradiation alone (squares), despite the ability of 2C cells to under-
go homeostatic proliferation (inset). Controls included nonirradiated, nontransfused C57BL/6 mice (circles) and irradiated, transfused
(5 × 106 B6 LN cells) C57BL/6 mice (inverted triangles) (all groups, n = 6).



smaller dose of transfused cells (Figure 1c), thereby
explaining the stronger antitumor effect. Nevertheless,
at 10 weeks after transfer, the irradiated recipients yield-
ed total LN and spleen cell counts of 4.5 to 5.5 × 107 and
12 to 14 × 107, respectively, comparable to unmanipu-
lated mice, indicating full T cell reconstitution.

To determine whether the incomplete tumor inhibi-
tion in some animals might have been caused by the
presence of regulatory/suppressor T cells in the lym-
phocyte inocula, separate groups of sublethally irradi-
ated B6 mice were transfused with either 5 × 106 total
syngeneic LN cells or a similar number of LN cells
depleted of the CD25+ regulatory/suppressor T cell
subset and challenged with melanoma cells (n = 3–6
mice/group). At day 29 after transfer, tumor inhibition
was incomplete in both instances. This issue needs to
be explored further.

The antitumor effect observed was mediated by poly-
clonal homeostatic T cell expansion and not by a non-
specific effect of irradiation or lymphocyte transfu-
sion. Three lines of evidence support this conclusion.
First, tumor growth was unimpeded in nonirradiated
mice transfused with 5 × 106 or 5 × 107 syngeneic LN
cells (not shown) that showed no measurable T cell
proliferation in immunocompetent hosts (Figure 1b).
Second, recombination-activating gene–deficient
(RAG-deficient) B6 mice lacking T and B cells, irradi-
ated or not, revealed identical tumor growth (Figure
2a). Third, compared with irradiation alone, tumor
growth was not further impaired in mice irradiated
and transfused with a T cell clone (2C) specific for a
synthetic peptide (SIYRYYGL) presented in the context
of MHC class I Kb molecules (16), although these 2C
cells did undergo efficient homeostatic expansion
(Figure 2c). The data from the latter experiment also
suggest that preexisting T cells recognizing tumor
antigens within the normal repertoire mediate the
antitumor effect, since the transgenic CD8+ cells with
specificity for an irrelevant peptide are ineffective
despite their excessive homeostatic expansion.

Tumor rejection is mediated by homeostatic expansion of
CD8+ T cells. Protective autoimmunity against

melanoma tumors achieved by various vaccination pro-
tocols reportedly requires CD8, CD4, or both T cell
subsets (21–24). To evaluate which T cell subset is pri-
marily responsible for tumor inhibition in our system,
we examined tumor growth in RAG–/– B6 mice trans-
fused with 5 × 106 LN cells, 5 × 106 FACS-sorted CD8+

syngeneic cells, or 5 × 106 FACS-sorted CD4+ syngene-
ic cells and challenged with 5 × 105 B78D14 melanoma
cells. Tumor growth was equally inhibited by total LN
or CD8+ cells alone (99.8% purity), indicating that
tumor rejection was induced by the homeostatic expan-
sion of CD8+ T cells (Figure 2b). Transfer of CD4+ cells
led to colitis, weight loss, and death of the RAG–/– recip-
ients after about 3 weeks, consistent with previous
reports (25, 26). Nevertheless, the results suggest that
the expanded CD8+ cells, presumably due to the high
MHC class I affinity of the immunogen(s) (27) or high
precursor frequency (28), do not require CD4+ T cell
help to exert their antitumor effect.

Tumor-specific cytotoxicity and IFN-γ production. In vitro
cytotoxicity and IFN-γ production by the homeostati-
cally expanded T cells in mice challenged with
melanoma cells were assessed to determine whether
the induced autoimmune response was tumor specif-
ic. A strong cytotoxic response was elicited against the
relevant B78D14 cells, whereas lysis of the irrelevant
MC-38 colon carcinoma cells was marginal, even at the
high effector-to-target cell ratios (Figure 3a, P < 0.01).
Similarly, the expanded T cells produced significantly
higher amounts of IFN-γ upon incubation with the
relevant B78D14 cells than upon incubation with the
irrelevant MC-38 colon carcinoma cells (Figure 3b, 
P < 0.01). Lymphocytes from nonirradiated, nontrans-
fused mice challenged with melanoma cells produced
minimal levels of IFN-γ when cultured with B78D14
cells or MC-38 cells.

Tumor infiltration by donor T cells. Sublethally irradiat-
ed B6 mice (Thy1.2+) were transfused with 5 × 106

CFSE-labeled B6.PL (Thy1.1+) LN cells, challenged
with melanoma cells, and, 4 weeks later, the division
characteristics of the infused cells in secondary lym-
phoid organs and tumor infiltrates were assessed. As
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Figure 3
Specific recognition of tumors induced by homeostatic proliferation.
(a) Sublethally irradiated C57BL/6 mice were transfused with 5 × 106

LN cells prior to challenge with B78D14 melanoma cells (n = 4). Ten
days after challenge, splenocytes were coincubated with either irradi-
ated B78D14 melanoma cells (filled squares) or irradiated MC-38
colon carcinoma cells (open squares) for 48 hours; a standard 4-hour
51Cr-release assay was performed at three effector-to-target cell ratios.
Results indicate percentage of specific lysis from a pool of four mice
assessed in triplicate. (b) Sublethally irradiated C57BL/6 mice were
transfused with 5 × 106 LN cells prior to challenge with B78D14
melanoma cells. Thirty-five days after challenge, splenocytes were cul-
tured for 72 hours with either B78D14 melanoma cells (black bars)
or MC-38 colon carcinoma cells (white bars). Similarly cultured con-
trol lymphocytes were derived from nonirradiated, nontransfused,
and melanoma-challenged mice. Results indicate IFN-γ levels in the
supernatants from a pool of four mice assessed in quadruplicate.



expected, donor T cells in spleen and LNs divided rap-
idly, as indicated by the large population seen at the
extreme left of the histograms (Figure 4a). This fast
proliferation was more prominent in CD8+ than in
CD4+ tumor-infiltrating donor T cells. These results
indicate that the infused CD8+ T cells had either divid-
ed more extensively within the tumor or homed pref-
erentially to the tumor subsequent to their rapid
expansion in secondary lymphoid organs.

Immunohistochemical analyses showed that T cell
infiltrates in and around the regressing tumors con-
tained primarily B6.PL donor T cells (Thy1.1+) (Figure
4, b–g). Minimal T cell infiltrates were noted in the
large tumor masses of control nonirradiated, nonlym-
phopenic B6 mice regardless of whether or not they
had been transfused with B6.PL cells. Both CD8+ and
CD4+ T cells infiltrated residual tumors, while far fewer
such cells were detected in the large tumors of nonirra-
diated mice. Staining for CD56 revealed a negligible
number of NK cells in all instances.

Homeostatic proliferation must occur in the regional LNs
to induce the antitumor effect. We performed two types of
experiments to examine whether homeostatic T cell
expansion itself was sufficient to induce the antitu-
mor response, or whether the tumor antigens must be
presented to proliferating T cells in the relevant
regional LNs. First, normal B6 mice or B6 mice delet-
ed of the lymphotoxin-α gene (LTα–/–), which lack
LNs and show disorganization of the splenic white

pulp (29, 30), were sublethally irradiated, transfused
with 5 × 106 B6 LN cells, and subsequently challenged
with melanoma cells. Tumor growth inhibition was
more efficient in control normal B6 mice than in
LTα-deficient mice (Figure 5a). However, separate
experiments with CFSE-stained LN cells showed pro-
liferation of transferred CD8+ T cells in the spleen of
sublethally irradiated LTα–/– mice (Figure 5a, inset).
Second, sublethally irradiated B6 mice were chal-
lenged with melanoma cells and transfused with 
5 × 106 spleen cells from either normal B6 or B6 mice
deficient for both the β7 integrin and the CD62L 
(L-selectin) genes. T cells from such double-deficient
mice lack the ability to enter peripheral LNs or Peyer’s
patches (31). Compared with irradiation only control
mice, there was enhanced inhibition of tumor growth
upon infusion of normal T cells, but not of
β7/CD62L–/– T cells (Figure 5b); yet CFSE-stained T
cells of β7/CD62L-deficient mice divided as well as
normal T cells in the spleen of lymphopenic recipients
(Figure 5b, inset). The combined findings suggest
that homeostatically proliferating T cells must
encounter the tumor antigens in regional LNs to be
recruited for antitumor effector function.

Vitiligo as a manifestation of antimelanoma autoimmunity.
In several irradiated mice transfused with LN cells and
challenged with melanoma cells (three of four and four
of seven with 5 × 106 or 5 × 107 transfused cells, respec-
tively), we observed depigmentation of regenerated hair
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Figure 4
Proliferation and immunohistochemistry of tumor-infiltrating T cells. (a) Groups of C57BL/6 mice (Thy1.2+) were sublethally irradiated,
challenged with melanoma cells, and transfused with 5 × 106 CFSE-labeled syngeneic B6.PL (Thy1.1+) LN cells. Four weeks later, single cell
suspensions of host LN, spleen, and tumor tissue were analyzed for division characteristics by flow cytometry of gated Thy1.1+CD4+ and
Thy1.1+CD4– (CD8+) donor cells. (b–g) Groups of C57BL/6 mice were untreated or sublethally irradiated and challenged with melanoma
cells. The irradiated mice were then transfused with 5 × 107 syngeneic B6.PL LN cells. Immunohistochemistry of residual tumors in trans-
fused (b, d, f) mice compared with large tumors of untreated controls (c, e, g) is shown at day 60. Staining with an anti-Thy1.1 Ab (OX-7)
reveals donor cells in the regressed tumor tissue of the LN cell–transfused irradiated host (b), but not in the progressing melanoma tumor
of transfused, nonirradiated animals (c). Staining for CD4+ cells demonstrates considerable infiltration in the irradiated reconstituted group
(d), but minor infiltration in the nonirradiated, nonreconstituted mice (e). Similarly, CD8+ cells are found in higher numbers in irradiated
and transfused (f) than in nonirradiated, nontransfused (g) mice. Staining for CD56 did not reveal appearance of NK cells (not shown).



just above the depilated melanoma cell injection site.
Such depigmentation was not seen in nonirradiated B6
mice challenged with melanoma cells and transfused
with an equal number of LN cells. In all sublethally
irradiated mice, whether injected with melanoma cells
and/or transfused with syngeneic cells, there was also a
diffuse mild hair depigmentation, particularly on the
thorax and abdomen. No other macroscopic evidence
of autoimmunity was noted in the sublethally irradiat-
ed mice transfused with LN cells and challenged with
melanoma cells.

Long-term specific antitumor immunity and memory. Mice
that had rejected melanoma cells completely were rechal-
lenged at day 80 and day 200 with the same melanoma
cells (B78D14) and the MC-38 colon carcinoma cells on
the flank opposite the original injection. All animals
rejected the melanoma cells, but not the colon carcino-
ma cells, verifying that rejection of melanoma cells dur-
ing homeostatic T cell expansion induced specific
antimelanoma memory. Ongoing observation of the
rechallenged mice revealed no melanoma tumor growth
even at day 300 after initial rejection.

Effect of homeostatic T cell expansion on established
melanoma tumors. We also addressed whether homeo-
static T cell expansion can induce not only protective,
but also therapeutic, antitumor autoimmunity.
Thus, sublethally irradiated B6 mice were challenged
with melanoma cells and, when tumors had reached
a size of approximately 10 mm3, they were transfused
with 5 × 107 B6 LN cells. At day 52, tumor growth was

significantly inhibited compared with irradiated and
tumor cell–challenged control mice (448 ± 107 mm3

vs. 1,364 ± 141 mm3, P < 0.01). These findings suggest
that homeostatic T cell expansion can affect estab-
lished tumors.

Effect of homeostatic T cell expansion on colon carcinoma.
To validate the applicability of protective antitumor
autoimmunity by homeostatic T cell expansion to
other tumors, we subcutaneously challenged sub-
lethally irradiated B6 mice with 105 MC-38 syngeneic
colon carcinoma cells subsequent to reconstitution
with a high number of autologous cells (5 × 107 LN
cells). Growth of this rapidly progressive tumor was
severely impaired compared with control, nonirradiat-
ed, nontransfused mice (Figure 6). Unlike melanoma,
however, all mice eventually developed colon carcino-
ma, albeit much slower than controls.

Discussion
Most tumor-associated antigens have been identified
as normal gene products that are overexpressed, pref-
erentially expressed, or reexpressed in cancer cells (1–8).
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Figure 6
Effect of homeostatic T cell expansion on growth of a colon carci-
noma cell line. Sublethally irradiated C57BL/6 mice were challenged
subcutaneously with 105 MC-38 colon carcinoma cells, and half of
the mice were transfused with 5 × 107 B6 LN cells. Tumor growth was
inhibited in the transfused (triangles) compared with the nontrans-
fused (squares) mice (both groups, n = 6).

Figure 5
T cells need to home to the regional LN to mediate tumor growth
inhibition. (a) Melanoma growth inhibition is less efficient in sub-
lethally irradiated, LN cell–transfused LTα-deficient B6 mice (trian-
gles) than in LTα+/+ mice (inverted triangles) (both groups n = 6).
Homeostatic proliferation characteristics of CFSE-labeled B6.PL
(Thy1.1+) CD4+ and CD8+ T cells in the spleen of an irradiated
B6.LTα–/– host is intact, as measured by flow cytometry on day 7 after
transfer (inset). (b) Adoptive transfer of β7/CD62L–/– spleen cells into
irradiated C57BL/6 mice (triangles) does not lead to enhanced tumor
growth inhibition compared with irradiated, nontransfused C57BL/6
controls (squares). Homeostatic proliferation of CFSE-labeled
B6.β7/CD62L–/– (Thy1.2+) CD4+ and CD8+ T cells in the spleen of an
irradiated B6.PL host (Thy1.1+) is intact, as measured by flow cytom-
etry on day 7 after transfer (inset). Controls included nonirradiated,
nontransfused (circles), and irradiated C57BL/6 mice transfused with
5 × 106 B6 LN cells (inverted triangles).



This has resulted in a new paradigm in tumor
immunotherapy that has redirected efforts to break
tolerance and induce autoimmune responses against
such antigens (1, 3, 5–8). Here, we demonstrate that
lymphopenia-induced homeostatic T cell proliferation
is a physiologic process by which effective antitumor
autoimmunity can be elicited.

This investigation is based on the recent demonstra-
tion that self-MHC/peptide recognition is important
for T cells to undergo homeostatic proliferation, a
process that maintains the near constant size of the
peripheral T cell pool (12–14). Homeostatic adjust-
ment of T cell numbers is necessary after lymphopenia
has been induced by a variety of insults (infection, irra-
diation, or cytotoxic drugs), is polyclonal, and occurs
without deliberate immunization. 

An important question is whether T cells undergoing
homeostatic proliferation can acquire effector function
and thus cause autoimmunity. Several studies have
shown that T cells driven to homeostatic proliferation
acquired several, but not all, of the activation/memory
phenotype markers associated with responses to for-
eign antigen (12–14, 32). Moreover, TCR-transgenic
CD8+ cells that had undergone homeostatic prolifera-
tion were shown to kill target cells in vivo in a peptide-
and TCR-dependent manner, and to express IFN-γ after
stimulation with anti-CD3 (33, 34). Similarly, even
polyclonal CD8+ cells that had undergone homeostat-
ic proliferation rapidly secreted IFN-γ after in vitro
anti-CD3 stimulation and killed ConA-coated syn-
geneic targets; control naive CD8+ cells were devoid of
such activities (34). We demonstrate here that poly-
clonal homeostatic proliferation leads to in vivo effec-
tor function against melanoma and, to some extent,
colon carcinoma cells. Interestingly, this antimelanoma
response was associated with vitiligo, also seen in other
types of melanoma immunotherapies and considered
to reflect therapeutic efficacy (5, 23). Our findings
establish a fascinating link between self-recognition as
a requirement for homeostatic T cell proliferation,
antitumor responses, and autoimmune disease.

To undergo homeostatic expansion, T cells must
enter certain areas in secondary lymphoid organs, such
as periarteriolar lymphocyte sheaths in spleen and
paracortex in LNs (20). Inhibition of tumor growth
was much less evident when normal T cells were trans-
fused into LTα-deficient mice than into LTα+/+ mice.
LTα-deficient mice lack LNs and have variable degrees
of disorganized splenic architecture (29, 30). More
importantly, transfusion of β7/CD62L-deficient T
cells, which do not home into LNs (31), but home and
proliferate efficiently in the spleen, did not enhance
the antitumor response seen in irradiated normal
mice. Thus, the antitumor effect associated with the
homeostatic expansion of transfused T cells in lym-
phopenic hosts occurs only if the T cells encounter the
tumor antigen(s) in LNs. Our observations are com-
patible with those of Ochsenbein et al. (35), who found
that metastasizing tumors that failed to “seed” in LNs

and spleen were “ignored” by the immune system.
Additionally, no cytotoxic T cells could be induced in
tumor cell–challenged alymphoplastic (Aly × Aly) B6
mice that lack LNs, but possess lymphatic vessels,
spleen, and T cells. Antigen presentation at this site
may be mediated directly by the tumor cells, by traf-
ficking of tumor antigen–loaded DCs from the tumor
site to the draining lymph node, and/or indirectly
through cross-priming (36, 37).

Remarkably, the antimelanoma effect was associated
with long-term specific memory, since rechallenge with
the same tumor cells resulted in rejection, while growth
of an unrelated tumor (colon carcinoma) was unim-
peded. Moreover, homeostatic T cell proliferation was
effective even after the melanoma tumor had been
established, without the need for tumor cell rechallenge.
It is likely that, during the primary tumor cell injection,
some of these cells or antigens thereof were transport-
ed to the draining LNs, but the response, if any, was
ineffective due to the predominance of low-affinity T
cells and/or low precursor frequency. In contrast, when
the tumor antigens become available to the immune
system at the initiation of homeostatic proliferation,
selection and expansion of a few high-affinity cells led
to strong effector function. Previous studies have shown
that only a fraction (∼30%) of T cells can undergo home-
ostatic proliferation (13), and this fraction appears to
encompass cells with higher self-affinity (38).

Our findings clearly indicate that T cells can be
induced to mount an effective autoimmune response
against self-antigens when homeostatic expansion
occurs at the time of antigen encounter. The expanded
T cells should recognize a wide range of self-molecules,
but this response was primarily tumor specific, as shown
by cytotoxicity and IFN-γ induction upon incubation of
the expanded cells with the relevant, but not irrelevant,
tumor cells. This is probably because the tumor-associ-
ated self-antigens are highly enriched in regional LNs.
This conclusion is supported by the findings of Oehen
and Brduscha-Riem (33), who showed that in vivo antivi-
ral effector function by homeostatically expanding
LCMV-specific transgenic T cells depended on the pres-
ence of the antigen at the early stages of expansion. 
The present findings are also in agreement with those 
of Asavaroengchai et al. (39), who observed efficient 
antitumor responses in mice immunized with DCs
pulsed with tumor cell lysates in the early phase of bone
marrow reconstitution, wherein the lymphopenic envi-
ronment leads to homeostasis-driven T cell prolifera-
tion. Preliminary findings by Hu et al. (40) have also
shown efficacy of homeostatic T cell proliferation in
reducing the numbers of pulmonary metastases in mice
challenged with a poorly immunogenic prostate tumor.

Several vaccination methods have been shown to over-
come tolerance and elicit effective antitumor autoim-
mune responses, but these labor-intensive procedures
are often based on the use of a single epitope that might
not induce a broadly efficacious response. In contrast,
the procedure described here relies on induction of
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lymphopenia in conjunction with whole tumor cell
injection and transfusion of naive, unprimed, autolo-
gous T cells with a wide spectrum of self-affinities. This
is simple and likely initiates a broad antitumor response
without the a priori need to know the tumor antigen(s).
Even when specific vaccines are used, it seems advanta-
geous to couple them with simultaneous induction of
T cell homeostatic proliferation, since it is likely to
enhance the antitumor response and effectiveness. Fur-
thermore, the present results suggest that, in clinical
practice, tumor immunotherapy should commence
immediately after completion of irradiation or cytotox-
ic therapies to take advantage of the lymphopenia and
attendant homeostatic T cell expansion.
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