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Class ll-Independent Generation
of CD4 Memory T Cells from
Effectors

Susan L. Swain,* Hui Hu, Gail Huston

The factors required for the generation of memory CD4 T cells remain unclear,
and whether there is a continuing requirement for antigen stimulation is critical
to design of vaccine strategies. CD4 effectors generated in vitro from naive CD4
T cells of mice efficiently gave rise to small resting memory cells after transfer
to class ll-deficient hosts, indicating no requirement for further antigen or class

Il recognition.

Signals through the T cell receptor (TCR), pro-
vided by high doses of peptide antigen bound to
class II major histocompatibility complex
(MHC) molecules on antigen-presenting cells
(APCs), are critical for the activation of naive
CD4 T cells and for their transition to effector
and memory cells (/). However, transfer of
effectors, generated in vitro from naive CD4 T
cells, to adoptive hosts results in the develop-
ment of long-term CD4 memory even though no
further antigen is introduced (2), contradicting
some studies stressing the importance of antigen
persistence (3), but agreeing with others arguing
against such a role (4). Different strengths of
TCR interaction with peptide-MHC are needed
for T cell response at different stages of T cell
differentiation and can induce different out-
comes. In the thymus, low-avidity TCR interac-
tion with self peptides bound to self MHC in-
duces positive selection (5). Naive CD8 T cells
in class I-deficient hosts (6) and naive CD4 T
cells in class II-deficient mice (7, 8) have short-
ened life-spans, suggesting that interactions be-
tween TCR and MHC prolong naive T cell
life-span. Naive CD4 T cells require high avid-
ity/density TCR interactions for induction of
cytokine synthesis, whereas effector and mem-
ory cells respond efficiently at lower avidity/
density (9). Thus, effector and memory cells
might be expected to overcome this MHC de-
pendence. However, in two recent studies, acti-
vated' CD8 T cells did not generate long-term
memory after transfer to class I-deficient hosts
(10). Using a model where effectors are gener-
ated in vitro and then transferred to adoptive
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hosts, which do or do not express class II, we
found that neither antigen recognition nor inter-
action with class II is necessary for the genera-
tion of memory or for its persistence.

T helper cell 1 (T;1) or T};2 cytokine-polar-
ized effectors were generated in vitro from naive
CD4 T cells of AND TCR transgenic (Ig) mice
(11) by stimulation with PCCF (a fragment of
pigeon cytochrome) and mitomycin-treated I-EX
transfected fibroblast, DCEK-ICAM, or T cell—-
depleted APC from B10.BR mice (2, 9). The
added APCs are no longer present in the cultures
after 24 to 48 hours (12). In aged AND mice,
Tg* memory cells do not develop, suggesting a
lack of environmental antigens capable of stim-
ulating cross-reacting responses (13). The effec-
tors generated are >99% CD4*, Tg* cells and
contain no detectable APCs or APCs capable of
mediating their restimulation (/4).

To evaluate the possibility that endogenous
TCR chains could contribute to memory gener-
ation or persistence, we crossed the AND mice
to RAG-2—-deficient mice [RAG knockout
(KO)] (I5). Effector cells were generated from
naive CD4 T cells, and aliquots were transferred
to T cell-deficient hosts (16) created by adult
thymectomy, lethal irradiation, and bone mar-
row reconstitution (ATXBM) (7). Both donor
and recipient were on a B6 background (/7),
making allogeneic reactions unlikely. Because
the hosts are devoid of T cells, there is ample
opportunity for transferred cells to receive other,
potentially important, non-TCR mediated sig-
nals. Equivalent numbers of Tg* CD4 T cells
were seen in hosts 3, 8, and 13 weeks after
transfer. The recovered cells were small, CD44h
with a memory phenotype (7). Equal numbers
of Tg* recovered memory cells were restimu-
lated ex vivo, and cytokine titers in the super-
natants were determined (18). The cytokine pro-

1381



1382

REPORTS

400

(W2 NiFNy B4 N5 |

300

200

100

Cytokine Titer (pg or units/ml) >

c .

N

o

T 6l B ATxBM

2 T . O Class Il KO

3

x T

S 7

<]

& o , . . .

o 0 20 40 60 80
Days After Transfer

.
——t

W ATXBM
< Class Il KO

d

Donor Cell Recovery (10%) m

'

o 5 10
Transfered Cells (1 06)/mouse

Fig. 1. Recovery of memory CD4 T cells after
adoptive transfer of effectors. (A) Development
of memory with effectors from RAG KO mice.
Naive CD4 T cells were purified from the spleens
of AND TCR transgenic or AND TCR RAG-2 KO
mice, and T ,1 effectors and T 2 effectors were
generated (4, 74). Effectors were transferred to
B6 ATXBM mice (75, 16). (B) Memory is propor-
tional to number of transferred cells. T 2 effec-
tors were generated from AND.PL.(Thy1.1) mice.
Graded numbers of T, 2 effectors were trans-
ferred into ATXBM and class Il KO mice. Four

weeks after transfer, total lymph node and spleen cells of each mouse were recovered and the number
donor cell per organ determined (78). (C) Recovery of CD4 memory cells in hosts without class II. T ,2
effectors were transferred into ATXBM and class Il KO hosts. At various times, hosts were killed and donor
cell recovery was determined. Each time point represents the mean and standard error of results from
two to three mice, except for class Il KO mice at week 5 and 10, for which there was only one mouse.

files produced 8 weeks after transfer (Fig. 1A)
indicate no differences between the two groups.
Thus, the lack of endogenous TCR expression
among naive CD4 T cells had no impact on the
generation or persistence of functional CD4
memory cells.

To evaluate the necessity for TCR-peptide/
class II interactions for memory generation from
effectors, we transferred graded numbers of
T2-polarized AND.Thyl.l effectors to
ATXBM and class IT KO mice (8), and evalu-
ated the number of CD4", Tg* memory cells
recovered 4 weeks later (16). There was a linear
relation between the number of transferred cells
and the size of the memory population recov-
ered in both hosts (Fig. 1B). Thus, the recovery
of memory is a good measure of the efficiency
of memory generation, and both hosts were
equivalent in their abilities to support this pro-
cess. The transferred cells did not expand to
repopulate the host to the extent suggested for
transferred whole-spleen populations (79). Na-
ive CD4 T cells that were transferred to class II
KO hosts had a shortened life-span ,(20), as
expected from earlier studies (7, &), indicating
that contaminating APCs [which are 20 to 30%
in naive populations but undetectable in effec-
tors (/4)] are unable to provide necessary sig-
nals to promote MHC-dependent survival.

Ty2 effectors were transferred to groups of
T cell-deficient ATXBM and class IT KO mice.
The number of donor CD4 memory cells recov-
ered at various times after transfer is indicated
(Fig. 1C). In both hosts, the numbers of donor
cells recovered initially were high, but fell to
somewhat stable levels, which then persisted
throughout the 10 weeks of testing. Class II KO

mice had smaller lymph node and spleens com-
pared to ATXBM mice; and they contained
CD8 T cells, either of which may contribute to
the lower absolute numbers recovered in the
class II KO hosts. Most CD4 T cells recovered
at all times after 2 weeks were small (>95%)
cells expressing intermediate to high levels of
CD44; of these, most (>80%) were Tg™". Sim-
ilar results were seen when Thl-polarized ef-
fectors were transferred (21).

Recovered cells were purified and restimu-
lated ex vivo (I8). The titers of interleukin-2
(IL-2), interferon-y (IFN-y), IL-4, and IL-5 in
collected supernatants were determined (2). In
each case, high production of appropriately po-
larized cytokines was seen. IL-4 production is
shown in Fig. 2A. Over 7 weeks, recovered
memory cells produced high levels of IL-4,
comparable to those produced by initial effector
cells (day 0). At the later times, cytokine pro-
duction by memory cells recovered from class II
KO mice was slightly higher than from
ATXBM hosts (Fig. 2A). The cytokine profiles
at 6 weeks (Fig. 2B) are representative of the
more than 25 mice analyzed.

Although class IT KO mice do not express
class IT or contain class [I-restricted CD4 T cells
(11), they do express CD-1 and class I, so the
TCR in the AND mice could interact with these
alternate MHC molecules. To examine this pos-
sibility, wild-type and class II KO mice were
lethally irradiated and injected with bone mar-
row from AND.Thyl.l mice. The extent of
positive selection was evaluated in each host at
week 6 by examining the appearance of single
positive CD4™ donor T cells in the thymus and
periphery (Fig. 3A). In control hosts, a large
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Fig. 2. Cytokine production of recovered memory
cells. (A) Maintenance of cytokine production ca-
pacity. At different time points after transfer of
Thy1.1" T,,2 effectors, Thy1.1 donor T cells were
recovered from ATXBM or class Il KO recipients.
CD4 T cells were purified and recultured at 1.5 X
10° per milliliter with DCEK-ICAM APCs at 0.5 X
10° per milliliter and 5 WM PCCF. Supernatants
were collected at 40 hours and assayed for IL-4
production (78). (B) Cytokine production by mem-
ory cells. Six weeks after adoptive transfer, Thy1.1
T cells were recovered and restimulated as in Fig.
2A. Supernatants were collected at 40 hours and
assayed for IL-2, IL-4, IL-5, and IFN-y production.

population of single positive cells developed
(43% of the lymphocyte gate), indicating effi-
cient positive selection, and in the periphery, 6%
of the cells were Thyl.1* (donor) CD4* cells.
In contrast, there were virtually no single posi-
tive CD4 T cells in the thymus of class II KO
hosts and no detectable Thyl.1*, CD4"* cells
(less than in the staining control) in the periph-
ery. Thus, even the weak signals required for
positive selection are not available in the class II
KO recipients.

In adoptive transfer experiments, minor his-
tocompatibility differences may exist, which
could lead to allogeneic reactions. In TCR Tg
mice, genes in regions around the Tg may be
selectively retained. Moreover, KO mice may
themselves recognize on donor cells products of
the gene they lack. This should not be a problem
in our transfers to class II KO mice, because the
hosts are T deficient and the transferred T cells
do not express class II. If there are any unex-
pected responses of donor T cells, we would
expect them to undergo some division. The CD4
T cells we recovered were small and resting, but
it has been suggested that in normal animals,
memory cells divide occasionally as detected by
the incorporation of bromodeoxyuridine (BrdU)
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mice. Class Il KO and B6 mice were irradiated with 475 rads (4.75 Gy) twice with a time interval of 4
hours. The irradiated mice were reconstituted with T cell-depleted bone marrow cells from AND-B6.PL
mice. After 6 weeks, the thymocytes and total lymph node and spleen cells of reconstituted mice were
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Memory cell turnover is very slow. BrdU staining of Th2 effectors after adoptive transfer in class Il KO
mice. Eight weeks after transfer, mice were fed with BrdU-containing water (0.8 mg/ml) for 2 or 4 days.
BrdU staining was analyzed on V3-, CD4-, and Thy1.1-positive cells of total lymph node or spleen cells.

(22). To evaluate the extent of turnover, BrdU
was added to the drinking water of class II KO
recipients, which had received T,,2 effectors 8
weeks previously. The fraction of donor BrdU*
CD4 T cells in spleen and pooled lymph nodes
was determined after 0, 2, and 4 days of label-
ing. Only 1 to 3% of the CD4 T cells were
labeled, a very low rate (Fig. 3B). This lack of
donor cell division in the class II KO mice
indicates antigen stimulation is indeed negligi-
ble and that the cells in the memory population
had an intermitotic time on the order of 100
days. Thus, individual memory cells, as well as
the population, were long lived in the absence of
both antigen and class II. .

The antigen independence of the generation
of memory from effectors is consistent with
properties of T cell effectors. Effector cells re-
stimulated with antigen rapidly divide and pro-
duce cytokines in large quantities (2), and most
effectors undergo rapid activation-induced cell
death (/2). Antigen thus promotes continued
activation, division, and death, none of which
are compatible with development of small rest-
ing memory cells. Recent studies of CD8 T cell
memory persistence, in a model where donor
class I expression is minimized, suggest that
CD8 memory cells, like the CD4 memory cells
studied here, are antigen- and MHC-indepen-
dent (23).

The: transition from naive to effector and
memory cells thus includes a loss of depen-
dence on interaction with self MHC for pro-
longed survival. With this transition, removal
of -antigen—not persistence in an immuno-
genic form—fosters memory generation and
longevity.
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