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Introduction

Understanding the mechanisms operative in the develop-
ment of T-cell memory is a central goal in the develop-
ment of effective vaccination strategies for both infectious
diseases and other clinically relevant immune responses.
A key measure of an effective immunization is the
demonstration of an increased frequency of antigen-speci-
fic T cells in the population, following the conceptual
scheme of the clonal selection theme first articulated
almost 50 years ago.' The clonal selection theory com-
bines two simple ideas — that individual lymphocytes pos-
sess a single antigenic specificity and changes in the
frequency of such cells within a population is driven by
antigen — and provides a symmetrical mechanism that
accounts for both memory by an increased number of
cells and tolerance by a decreased number of cells.
Despite many refinements in our understanding of lym-
phocyte biology, this concept remains a central feature of
our approach to experimentally measuring the effective-
ness of a particular immunization. The conventional
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Summary

Although immunological memory is characterized by both an increase in
the frequency of antigen-specific T cells and a qualitative change in the
pattern of their subsequent response, it is not clear which of these compo-
nents is more significant in the overall enhanced response to secondary
stimulation. To address this question for the CD4" T-cell response, T-cell
receptor (TCR) Tg T cells were adoptively transferred to normal syngeneic
mice that were immunized with the relevant peptide. After the initial
expansion of TCR Tg T cells, the size of the subsequent memory popula-
tion of T cells was approximately the same as the size of the starting pop-
ulation, independent of the number of TCR Tg cells initially transferred.
This result was not caused by redistribution of memory cells into non-
lymphoid tissues, although the relative frequency of antigen-specific
T cells in these sites was increased after immunization. The fraction of
the antigen specific TCR Tg cells that responded by production of either
interleukin-2 or interferon-y in vitro was substantially higher after
immunization. Thus, the increased frequency of functionally responsive
T cells was primarily caused by a higher fraction of responding T cells,
rather than a substantial increase in the absolute number of antigen speci-
fic CD4" TCR Tg T cells.

Keywords: CD4"; immunological memory; antigen specific cell frequency

approach was to measure the precursor frequency of cells
that could mediate a particular functional activity by lim-
iting dilution analysis and assume that this frequency
corresponded to the physical number of antigen-specific
cells.”® More recently, the frequency of T cells that pro-
duce cytokines immediately after in vitro antigen stimula-
tion has been taken as a surrogate for T-cell memory.
This measure obviates the requirement for substantial
growth of the precursor cells in order to experimentally
detect the functional response. Both of these approaches
make the fundamental assumption that all of the antigen-
specific cells functionally respond when exposed to anti-
gen in the particular assay system used.

The advent of tetramers of major histocompatibility
complex (MHC) molecules with a specific peptide was a
significant advancement, that allows the direct physical
measurement of cells that bind a particular peptide/MHC
(pMHC) epitope, independent of the functional capacity
of these cells.”® Because of the greater stability of pMHC
class T tetramers, most of the systems analysed with this

approach have been CD8 T-cell responses,”'' although
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some pMHCII tetramers have more recently been devel-
oped.'”? However, analysis of CD4 T-cell responses by
using an alternative approach focusing on T-cell receptor
(TCR) transgenic T cells has demonstrated substantial
heterogeneity in the functional cytokine responses, even
within a population of T cells with exactly the same clo-
nal TCR sequence.'>'* Similar results have been found
with influenza-specific clones of CD4" T cells obtained
from the periphery of normal mice.'> While pMHC tetr-
amer binding allows the analysis of normal (non-trans-
genic) T cells, the avidity threshold for tetramer binding
is not necessarily the same as that required for a partic-
ular functional response.

Another issue which complicates the rigorous measure-
ment of the number of memory cells present in an organ-
ism is the altered recirculation pathways of memory cells
compared to naive cells.'"®™"® T-cell activation leads to
altered chemokine receptor expression and differential
trafficking of naive, effector, and memory cells through
various tissue compartments.'” The situation is further
complicated by the existence of effector and central mem-
ory T cells which have distinct recirculation patterns.*
The relative enrichment of both CD4*' and CD8>* mem-
ory cells in non-lymphoid tissues has been well documen-
ted, but this analysis has not been coupled with a precise
measurement of the absolute number of T cells present in
naive and memory situations. Thus the question remains:
to what degree does an increase in the frequency of a sin-
gle clonotype of antigen-specific CD4" T cell contribute
to immunological memory?

To address this question we have employed the
DOI11.10 adoptive transfer system™ to measure the
expansion and contraction of CD4" T cells following
immunization of the adoptive transfer recipient mice. In
this system, antigen-specific TCR transgenic cells are
detected with the KJ1.26 monoclonal antibody (mAb)
KJ1.26, which recognizes the DOI11.10 ovalbumin
(OVA)p-specific, transgenic TCR.>* Using a combination
of flow cytometry and immunohistochemistry, we have
measured the number of T cells present in adoptive trans-
fer recipient mice immediately before immunization and
30 days following immunization. Our data show that the
fraction of KJ1.26" TCR Tg cells that expressed cytokines
after peptide restimulation was substantially higher within
the memory pool, suggesting that an altered quality of
response is a more critical feature of memory among
CD4 T cells than a physical increase in numbers of anti-
gen specific cells.

Materials and methods

Mice

The DO11.10 transgenic TCR mice were the kind gift of
Dr Dennis Loh. DO11.10 mice and BABL/cByJ mice (The
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Jackson Laboratory, Bar Harbor, ME) were bred in our
facility in accordance with NIH regulations.

Flow cytometry

Cell surface staining was performed by standard proce-
dures. KJ1.26 mAb was purified and conjugated to FITC
by Southern Biotechnology Associates (Birmingham, AL).
KJ1.26° and F4/807F were purchased from Caltag (Burlin-
game, CA). All other antibodies were purchased from BD-
Pharmingen (San Diego, CA). Splenocytes or lymph node
cells were incubated with KJ1.26F1F¢ specific for the trans-
genic TCR clonotype and PE-Cy5 conjugated anti-CD4
(RM4-5). For large list mode acquisitions, only F4/80 neg-
ative cells were analysed to exclude CD4'™ non-T cells and
autofluorescent cells for a precise enumeration of very rare
CD4" KJ1.26 + T cells. For analysis of activation and
memory marker expression, cells were incubated with
KJ1.26"7C, CD4"", F4/80™ and biotin conjugated
0-CD25 (7D4), a-CD45RB (16A), 0-CD62L (MEL-14), or
a-CD122 (TM-P1). Biotin-labelled primary mAbs were
developed with streptavidin-conjugated Red®”® (Invitrogen,
Carlsbad, CA). Flow cytometry was performed on either a
Becton Dickinson FACScan or FACScalibur and analysed
with CellQuest software on list mode acquisitions of up to
1-5 x 10° lymphocytes based on forward and side-scatter.

Adoptive transfer and immunization

Pooled DO11.10 splenocytes and lymph node cells were
analysed by flow cytometry to determine the percentage
of CD4" KJ1.26" cells in the population. An appropriate
number of cells sufficient to achieve 0-04 x 10°%, 1 x 10°,
or 25 x 10° were injected into the tail veins of recipient
mice in a final volume of 0-5 ml phosphate-buffered sal-
ine (PBS). For analysis of cell division, 5 X 106 cells per
ml were incubated in 5 pum 5-(and-6)-carboxyfluorescein
diacetate, succinimidyl ester (CFSE, Molecular Probes,
Eugene, OR) for 8 min at 37°. Labelling was quenched by
the addition of newborn calf serum and the cells were
washed twice in serum-free PBS before transfer into
recipient mice. One to 3 days following cell transfer,
recipient mice were killed or immunized with 100 pg
OVAj,5-339 in 100 pl of a multiple emulsion (ME) adju-
vant (Pluronic F-127, squalene, Span 80, Tween-80, and
Triton-X-100 purchased from Sigma (St. Louis, MO),
adapted from the methods of Tomasi et al.”> When com-
pared with complete Freund’s adjuvant (CFA), ME adju-
vant generated higher responses of DO11.10 CD4" T cells
as measured by both induction of interleukin-2 (IL-2)
expression in the primary response and expansion of anti-
gen specific cell numbers (unpublished observations).
Fifty pl of adjuvant was injected intraperitoneally (i.p.),
25 ul subcutaneously (s.c.) at the base of the tail, and
25 pl s.c. at the scruff of the neck.
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Quantification of antigen-specific T cells

Mice were killed without immunization (day 0) or 5, 10, or
30 days after immunization. On the day of sacrifice, lymph
nodes and spleens were harvested from the recipient mice.
Half of each compartment was placed in an OCT block and
snap frozen in liquid nitrogen. The remaining half was
teased into suspension and counted in a haemocytometer.
Cells were analysed by flow cytometry to determine the
percentage of CD4" and KJ* cells present. For immunohisto-
chemistry, 4 pm thick sections were cut from the frozen tis-
sue blocks and immediately dried in acetone. Sections were
next incubated in fluoroscein isothiocyanate (FITC)-
labelled KJ1.26 at room temperature and subsequently with
horseradish peroxidase conjugated anti-FITC antibody
(Vector Laboratories, Burlingame, CA). For anti-CD4"
staining, cells were incubated in purified anti-CD4 anti-
body (H129.19 from BD Pharmingen) followed by a
biotin-labelled anti-rat immunoglobulin G (IgG) antibody,
and ABC (Dako, Carpentaria, CA). Bound antibody was
detected by precipitation of 3,3'-diaminobenzidine (Dako),
a substrate of horseradish peroxidase. Sections were count-
erstained with methyl green, and positive cells were quanti-
fied with bright field microscopy and direct counting.
Tissue area was measured by grid point counting.

To measure the number of KJ1.26" cells present in
non-lymphoid compartments, each organ was weighed at
the time of death and the number of KJ1.26" cells per
mm?® of tissue (4 um thick sections) was calculated in a
given mass of tissue assuming a density of 1 g/ml. For the
lamina propria, the length of the small intestine and the
contribution of the lamina propria to the cross-sectional
area of the small intestine were measured. After determin-
ing these two values, the number of KJ1.26" cells present
in the entire lamina propria was calculated using the
same technique as used for the non-lymphoid compart-
ments. The number of KJ1.26" cells present in Peyer’s
patches was calculated by finding the ratio of KJ1.26"
cells to all CD4" cells by immunohistochemistry, and the
number of CD4" cells per average Peyer’s patch was
measured by flow cytometry. Observations were made to
detect KJ1.26" populations in several other tissues inclu-
ding salivary gland, kidney, heart and smooth muscle.
Extremely rare positive events were present in these tis-
sues, but we calculated the combined populations of these
compartments to be less than 300 cells per mouse and
thus not a significant contribution to the whole body
population of over 2 x 10° KJ1.26" cells.

Detection of cytokine producing cells in vitro

Splenocytes from adoptive transfer recipient mice that
received 4 x 10° CD4" KJ1.26" cells were plated at
3 x 10° cells per well in a 48-well plate and stimulated for
5 hr in RPMI-1640 complete media (10% fetal calf serum,
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FCS). GolgiPlug was added to the wells for the final
2:5hr of stimulation. Cells were then stained with
KJ1.26"" (Caltag) and a cocktail of biotinylated antibod-
ies, F4/80 (Caltag), PK136, 1D3, and SF1-1.1 (BD-Pharm-
ingen) to exclude macrophages, natural killer (NK) cells,
B cells, and all MHCII expressing cells, respectively.
Biotinylated antibodies were developed with streptavidin-
conjugated Red®”° (Invitrogen) and CD4-expressing cells
were detected with allophycocyanin (APC)-conjugated
RM4-5 (BD-Pharmingen). Cytokine staining was per-
formed with JES6-5H4"""C to detect IL-2-producing cells
and XMG1-2'"¢ to detect interferon-y (IFN-y) produ-
cing cells using the Cytofix-Cytoperm system from BD-
Pharmingen according to the manufacturer’s instructions.

Results

In vivo expansion and contraction of antigen specific
CD4" T cells

To determine the effect of initial antigen-specific cell fre-
quency on T-cell population dynamics following exposure
to antigen, various numbers of CD4" KJ1.26" T cells
from DOI11.10 donor mice were adoptively transferred
into normal BALB/c recipient mice. Immunization with
OVAp triggered clonal expansion in all recipients. In each
case, the antigen specific populations present in the
lymph nodes (Fig. 1a) and spleen (Fig. 1b) expanded by
day 5 and then began a contraction phase until the last
time point at day 30. For each cell dose, the number of
antigen-specific cells remaining on day 30 was approxi-
mately the same as the starting population (Fig. la, b).
However, a striking inverse relationship exists between
the initial cell dose and the extent of cellular expansion.
The 25 x 10° cell dose expanded only two- to fivefold,
while the 0-04 x 10° and 1 x 10° cell doses expanded by
about 40- and 70-fold, respectively. Likewise, the expan-
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Figure 1. Expansion and contraction of adoptively transferred CD4"
KJ1.26" cell populations in recipient BALB/c By] mice as measured by
flow cytometry in (a) spleen and (b) lymph nodes. Cell transfers were
performed on day —2 and mice were killed on day 0 (unimmunized)
and on days 5, 10, and 30 following immunization with 100 pg of
OVA peptide in adjuvant. Circles — 25 x 10° cell dose; triangles —
1 x 10% diamonds — 0-04 x 10°. Error bars indicate the standard
error of the mean.
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Figure 2. Photomicrograph of lymph node sections stained with KJ1.26 on days 0, 5, and 30 following immunization. Mice received 0-04 x 10°,

1 x 10° or 25 x 10° CD4" KJ1.26" cells. Equivalent expansion and contraction of the numbers of KJ1.26" cells per square millimetre was

observed in the spleen.

sion and contraction of each dose of KJ1.26" cells was
observed in histologically stained lymph nodes, spleen
and multiple other tissues (Fig. 2). CD4" KJ1.26" cells
did not expand in recipients after immunization with
keyhole limpet haemocyanin (data not shown).

To further characterize the in vivo expansion of the KJ*
populations following immunization with OVAp, CFSE-
labelled DO11.10 cells were transferred into normal
BALB/c mice. In agreement with the increases in abso-
lute cell numbers, smaller starting populations of
CD4" KJ1.26" cells underwent more cell cycles of division
than larger starting populations by day 3 (Fig. 3). Analysis
of CSFE dilution was also performed at day 2 and day 5
and showed similar results, but by day 5 the dilution
of CSFE were indistinguishable from autofluorescence
thereby obscuring the differences between the different
initial cell doses (data not shown). CD4" KJ1.26" cells
from unimmunized control mice did not proliferate (data
not shown).
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Figure 3. CFSE dilution profiles of CD4+ KJ1.26 + lymphocytes
from the spleen on day 3 following immunization. 25 x 10° — grey
fill; 1 x 10° — solid line; 0-04 x 10° — dotted line.

Activation and memory marker expression
by KJ* cells

Decreased expression of CD45RB and of CD62L are com-
monly used to distinguish antigen experienced from naive
cells. Expression of four activation/memory markers by
memory and control immunized cells were examined on

321



John T. Bates and R. Pat Bucy

—— Control

— OVAp

= -

10° 10" 102 10°  10*10° 10'  10®  10°  10°
CD25 cD122

Cell number

1
P

v T T & T o T 1
10° 10’ 10? 10 10*10° 10 102 100 10*
CD45RB CcD62L

Figure 4. Comparison of activation and memory marker expression
by CD4+ KJ1.26" lymph node cells from OVAp immunized (thick
line) and KLH control immunized (thin line) mice 30 days following
immunization. Modulation of activation and memory marker
expression by CD4" KJ1.26" splenocytes was equivalent.

day 30 (Fig. 4). Expression of CD25, the IL-2Ra subunit,
was up-regulated on day 1 after immunization (data not
shown), but returned to control levels by day 30. Expres-
sion of CD122, the IL-2RP subunit, was also increased
soon after immunization (data not shown) but was
expressed at elevated levels through day 30 compared to
cells from mice immunized with control antigen. As
expected, KJ1.26" cells from mice immunized with OVAp
showed reduced expression of CD45RB and CD62L. Sim-
ilar results were found in spleen cells.

Small intestine Lung
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Antigen-specific CD4" T cells in non-lymphoid tissues

The contraction of activated antigen-specific cell popula-
tions results mostly from activation-induced cell death,*
but redistribution into other compartments may contrib-
ute to the disappearance of TCR Tg cells from the spleen
and lymph nodes. To quantify redistribution into other
compartments 30 days after immunization, we used an
immunohistochemistry technique with accuracy equal to
flow cytometry.”” Immunostained objects that were coun-
ted as KJ1.26" cells by confirmation of cell membrane
‘rim’ staining without stained intracellular granules by
high magnification observation (Fig. 5), while bits of deb-
ris that can simulate positive staining when observed
from low magnification were excluded. The number of
KJ" cells present in the lamina propria of the small intes-
tine, Peyer’s patches, lung, liver, salivary gland, heart, kid-
ney and skeletal muscle was measured on days 0 and 30
in mice that received 1 x 10° KJ1.26% cells (Fig. 6a).
Although the fraction of the total CD4 T cells that
coexpressed KJ1.26 was significantly increased in the non-
lymphoid compartments (Fig. 6a), the vast majority of
KJ1.26" cells present in the mouse resided in the lym-
phoid compartment.

The above result contrasts with that reported by
Reinhardt ef al. which showed net redistribution of
antigen specific T cells from the lymph nodes to the non-
lymphoid tissues 30 days following immunization with
OVAp and lipopolysaccharide (LPS) which were injected
intravenously (i.v.) into the adoptive transfer recipient
mice. Thus, we compared the effect of immunization
route and adjuvant on antigen specific cell distribution
30 days after immunization in adoptive transfer recipient
mice, which received 3 x 10° CD4" KJ1.26" cells (Fig. 6b).

Liver

Figure 5. Photomicrograph showing KJ1.26" cells in the small intestine, lung and liver in mice which received 1 x 10° CD4* KJ1.26" cells.
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Figure 6. (a) KJ1.26" cell numbers in spleen, lymph nodes, small
intestine, Peyer’s patches, lung, liver, and combined other compart-
ments (salivary gland, kidney, heart, and skeletal muscle) on day 0
without immunization (black) and day 30 following immunization
(unfilled). Asterisks indicate total populations sizes below the limit
of detection for the respective compartment. Results are from four
mice on day 0 and five mice on day 30. Adoptive transfer mice
received 1 x 10° CD4" KJ1.26" cells. (b) KJ1.26" cell number in the
lymph nodes and lungs of adoptive transfer recipient mice that were
immunized with OVAp in ME adjuvant or with OVAp in LPS.
Results are from three mice for each condition.

These results showed that i.v. immunization using LPS
as an adjuvant resulted in only one-third as many
CD4" KJ1.26" T cells remaining in the lymph nodes com-
partment as compared to mice which were immunized
s.c. and i.p. with multiple emulsion adjuvant. Addition-
ally, OVAp + LPS immunized mice showed a fivefold
increase in the number of KJ1.26" cells found in the lungs
30 days following immunization. No significant difference
was found in cell numbers in other compartments. How-
ever, the basic result that the majority of the CD4" TCR
Tg cells in the entire animal 30 days after immunization
reside in the spleen and lymph nodes, was not altered by
this alternative form of antigen delivery.

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 318-327

Functional differences in memory and naive cells

To determine whether the quality of the secondary
response of these memory CD4" T cells was altered,
despite the minor change in total cell number, production
of both IL-2 and IFN-y after in vitro stimulation was
measured by intracellular cytokine staining. At the time
of death, 35 days after immunization, the KJ1.26" T cells
comprised approximately 1% of the splenic CD4" popula-
tion (Fig. 7a). Upon restimulation in vitro, a greater frac-
tion of the antigen-specific cell population from adoptive
transfer recipient mice previously immunized with OVAp
produced IL-2 and IFN-y than did populations contain-
ing similar frequencies of naive DO11.10 cells at all doses
of antigen tested (Fig. 7b). Approximately 30% of the
memory CD4" KJ1.26" population produced IL-2 com-
pared with only 10% of the naive CD4" KJ1.26" popula-
tion after stimulation with 30 pg/ml OVAp (Fig. 8a). The
fraction of antigen-specific cells producing IFN-y at this
antigen dose (11% positive) was also substantially higher
in the memory population compared to 0-9% positive
in the naive population (Fig. 8b). Thus, the number of
OVA;j;3_330 responsive cells was substantially increased
within the memory population but this increase is caused
by a higher fraction of the clonotype positive cells making
a functional response, not an increase in the actual num-
ber of antigen-specific cells. Although immunization may
have activated some non-TCR Tg cells in these adoptively
transferred mice, about 90% of the total cytokine expres-
sing cells measured by intracellular staining were KJ1.26%,
indicating that the TCR Tg population comprises the bulk
of the OVA;,;3_339 peptide response in this experimental
model (data not shown). A small fraction of the KJ1.26%
cells express CD8 rather than CD4 and they produce
IFN-y at higher levels than the CD4" cells. Selection of
TCR Tg T cells that recognize their specific antigen across
MHC restriction barriers and thus develop as either
CD4" or CD8" T cells has been previously reported.*®
The increased fractional response of antigen-specific
CD4" T cells contributes more to the heightened memory
response than does the increase in numbers of antigen
specific cells (Fig. 8c).

Discussion

An increase in the number of antigen-specific cells has
conventionally been regarded as a key component of the
increased intensity of secondary immune responses. This
measure has been widely applied in vaccine studies, in
which the number of cells capable of responding to a
specific antigen as judged by a given assay during a recall
challenge was measured rather than physical identification
of cells with identical TCR sequences. The relative contri-
bution of increased precursor frequency compared to the
enhanced fractional response within a clonotype is
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Figure 7. Enhanced functional response in memory cells compared to

naive cells in adoptive transfer recipient mice that received 4 x 10°

CD4" KJ1.26" cells. (a) KJ1.26" cells composed approximately 1% of the total splenic CD4" lymphocyte population. (b) Intracellular IFN-y and
IL-2 production by KJ* CD4" and KJ* CD4~ splenocytes from OVAp-immunized adoptive transfer recipient mice and unimmunized control

mice following five hr in vitro stimulations. Plots are gated on the KJ1.26" population.

unknown. Our results indicate that net increases in the
absolute number of antigen-specific CD4" T cells is relat-
ively modest compared to the more substantial enhanced
fractional response and dose sensitivity which are charac-
teristic of memory populations.

Our data show that regardless of the initial size of the
adoptively transferred cell population, the respective popu-
lations at 0 and 30 days in the lymphoid compartments
are approximately the same size. Kearney et al. saw similar
expansion and contraction when they first transferred a
single dose of CD4" TCR Tg cells into recipient.> When
the adoptive transfer results in a supra-physiological fre-
quency, the final population size might be determined by
a limitation in the total size of a particular specificity.
However, the result that the final population of memory
cells is roughly equivalent to the stating cell number over a
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wide range of initial frequencies, suggests that some prop-
erty inherent to the individual T cell governs the final pop-
ulation size. At the lowest transfer dose examined, the
precursor frequency prior to antigen exposure is about 1
in 10 000 CD4 T cells, not radically higher than previous
estimates of the frequency of naive CD4 T cells in non-
TCR Tg mice’® suggesting that the substantial decline in
numbers between day 5 and 10 is relatively independent of
the initial precursor frequency even at quite low initial
frequencies. The contraction of antigen-stimulated CD4*
populations to approximately the starting size contrasts
with the well demonstrated biology of CD8" cells, which
expand and subsequently contract to a population size that
may be many fold larger than the naive population.”~"
Interestingly, the behaviour of activated cells is more
affected by total population size than the behaviour of
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Figure 8. The percentage of CD4" KJ1.26" cells which produce IL-2
(a) and IFN-y (b) following in vitro stimulation with OVAp is
greater in memory populations (hatched) than in populations of
naive cells (black fill). Relative contributions of increased cell num-
ber and increased fractional response to the ratio of memory to
naive responsiveness (c).

resting cells. During the several days following immuniza-
tion, the adoptive transfer cell populations proliferate in
response to antigen regardless of their initial population
size, but the highest transferred cell dose expanded
approximately fivefold in the spleen and twofold in the
lymph nodes while the 0-04 x 10° transfer population
expands 73-fold in the spleen and 37-fold in the lymph
nodes. The blunted response in mice that received
25 x 10° CD4" KJ1.26" cells likely results from the high
frequency of antigen-specific cells and the consequent
competition for limited resources necessary for antigen-
specific population expansion. These results support pre-
viously published findings showing that labelled TCR Tg
populations transferred into TCR Tg recipient mice com-
pete for resources available in the host animal®* and that
intraclonal competition can suppress the number of
antigen-specific cells that produce IL-2 following immun-
ization.”® Additionally, we noted that the magnitude of
change in activation marker expression by the largest
transfer cell dose was also less than the change in activa-
tion marker expression shown by the smaller transfer
doses (data not shown). There was a decrease in the fre-
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quency of TCR Tg T cells in the lymph node (but not the
spleen) at day 30 in the group that received the lowest
number of transferred T cells (Fig. 1), perhaps because of
the relative redistribution into peripheral tissues and
decreased trafficking into the lymph node via CD62L
mediated interaction with high endothelial venules.
Another novel observation reported here concerns the
pattern of re-circulation of the memory T cells between
lymphoid and non-lymphoid tissues. Although the frac-
tion KJ1.26° OVA-specific CD4" cells increased after
immunization, the majority of the memory cells were
found in the lymphoid tissues. Previous reports have
shown conflicting results on this point. Schiemann et al.”'
quantified the number of antigen responsive CD4" and
CD8" cells in lymphoid and non-lymphoid compartments
35 days after recall infection with Listeria and reported
that the decline in the number of antigen-specific cells in
the lymphoid tissues was not the result of net redistribu-
tion into non-lymphoid compartments. By contrast, Mas-
opust et al. found that memory CD8 T cells preferentially
localize in non-lymphoid tissues, using a VSV model sys-
tem to study CD8 T cell memory.*> However, they looked
only at the percentage of the CD8" population that was
tetramer positive rather than measuring the absolute
number of cells present in each compartment. Enrich-
ment of CD8" memory cells in these locations occurs, but
this result does not indicate large scale redistribution of
bulk numbers of cells into these tissues. Reinhardt repor-
ted net redistribution of the antigen specific CD4" popu-
lation into non-lymphoid compartments.*' They obtained
this result by quantifying the number of TCR transgenic
(OT-II) cells that express Thyl.l present in single mid-
line sections of an entire mouse. This single section sam-
ples many tissues simultaneously, but may not accurately
reflect the relative abundance of all body compartments,
particularly the regional lymph nodes which are not pre-
sent in a single midline section. The analysis reported
here involves analysis of all body compartments with
direct measurement of the mass and volume of each tis-
sue by conventional techniques, rather than a single plane
of section. Our results showed some redistribution of
memory cells into non-lymphoid tissues, but we found
93% of the antigen specific CD4" cells remained in secon-
dary lymphoid tissues 30 days following immunization. It
is likely that this relative enrichment of memory CD4"
cells in non-lymphoid peripheral tissues corresponds to a
greater rate of recirculation through these compartments.
These memory cells can gain access to the regional lymph
nodes via drainage in the afferent lymph, and not merely
through immigration directly from blood via the high
endothelial venules.”* Precise measurement of the rates at
which T cells recirculate through different compartments
has not been performed, but the profound T-cell deple-
tion associated with thoracic duct drainage and short resi-
dence time of T cells in blood*® strongly suggest that
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these rates are quite rapid. Thus, the localization of
T cells in different compartments most likely reflects
a highly dynamic equilibrium of recirculation patterns
rather than a static localization of T cells in these sites.

It has long been assumed, that the enhanced functional
response of a T-cell population after a primary response
is primarily caused by an increase in the frequency of the
antigen specific subset of cells. The underlying rationale
for this concept is that all of the antigen specific cells
mediate functional activity, such as cytokine production,
when stimulated with adequate amounts of the specific
antigen in vitro. However, the activation of cytokine
expression by individual T cells is far from uniform, even
within clonal populations.'”'* Because the fraction of
antigen-specific CD4 T cells that produce cytokine with
optimal stimulation is actually fairly low in naive cells, a
higher functional response could be due to either an
increase in number of antigen specific cells or to a higher
probability of response for each individual cell. In the
experimental system examined here, the frequency of
CD4" T cells that produce IFN-y is increased by about
25-fold in the memory population of cells compared to
the naive cells. A relatively small proportion of this
increase (about twofold) was caused by the increase in
the physical number of antigen-specific KJ1.26" cells,
while each KJ1.26" cell was about 12 times more likely to
produce this cytokine with optimal in vitro stimulation
(Fig. 8). Figure 8 shows the ratio of memory cells which
produce IL-2 and IFN-y following in vitro stimulation
compared to naive cells. As the actual frequency of anti-
gen specific T cells can be determined directly by KJ1.26
mAD staining, the significant increase in the frequency of
functionally active antigen-specific T cells is revealed to
be primarily associated with an increased responsiveness
of individual T cells. Determination of cellular frequencies
based only on antigen-activated functional activity would
significantly over-estimate the population expansion
within the memory pool driven by the primary immun-
ization. The memory cells show about a 10-fold increase
in the sensitivity to antigen dose for functional activation
(Fig. 7), while the increase in physical cell number is
approximately twofold. In the physiological context of
immunity to an infectious agent, the increased sensitivity
to low amounts of antigen would result in a greater mag-
nitude of effector response at lower organism load, associ-
ated with an earlier time point after infection and growth
of the infectious agent. Because the CD4 T-cell response
most likely functions to initiate and control responses of
several effector modalities, the increased antigen sensitiv-
ity, kinetics of cytokine expression, and fractional
response per cell with an identical TCR all contribute to
rapid clearance of an incipient infection before pathologi-
cal consequences develop.

Because the functional phenomenon of antigen specific
memory in the CD4 T-cell population can result primar-
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ily from changes in the quality of the response, the assess-
ment of CD4 T-cell function in vitro in various clinical
conditions should also focus on the quality of the
response. Measures such as a change in the pattern of
cytokine expression and shifts in the sensitivity to peptide
stimulation may be more relevant in some circumstances
than direct frequency measurements.
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