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ABSTRACT

Understanding the infant host response to measles vaccination is important because of their in-
creased mortality from measles and the need to provide effective protection during the first year of
life. Measles-specific T- and B-cell responses are lower in infants after measles vaccination than in
adults. To define potential mechanisms, we investigated age-related differences in measles-specific
T-cell proliferation, CD40-L expression, and IFN-y production after measles immunization, and the
effects of rhIL-12 and rhIL-15 on these responses. Measles-specific T-cell proliferation and mean
IFN-7v release from infant PBMCs were significantly lower when compared with responses of vac-
cinated children and adults. Infant responses increased to ranges observed in children and adults
when both rhIL-12 and rhIL-15 were added to PBMC cultures. Furthermore, a significant rise in
T-cell proliferation and IFN-y release was observed when infant PBMCs were stimulated with
measles antigen in the presence of rhIL-12 and rhIL-15 compared to measles antigen alone. CD40-
L expression by infant and adult T cells stimulated with measles antigen was comparable, but fewer
infant CD40-L* T cells expressed IFN-y. These observations suggest that lower measles-specific
T-cell immune responses elicited by measles vaccine in infants may be due to diminished levels of
key cytokines.

INTRODUCTION

MEASLES REMAINS A SUBSTANTIAL CAUSE OF GLOBAL
CHILDHOOD MORTALITY, with highest rates in de-
veloping nations (10), and measles is an outbreak threat
in the majority of developed countries (7,9). In 2004, the
estimated global measles mortality was 454,000; of these
deaths, 410,000 were children under the age of 5y (10).
Measles-specific mortality is highest among children
<12 months of age (1,13), but the etiology of the excess
mortality is unknown. One hypothesis is that the im-
munosuppressive effects of measles virus are more pro-
nounced in the youngest age group, increasing their sus-

ceptibility to secondary infections (27,28). Measles in-
fection produces abnormalities of nearly all the com-
partments of the human immune system, but prolonged
suppression is marked by immunologic patterns consis-
tent with a diminished T-helper type 1 (Th-1) response
(3,16,24-26,36,46,52,60,61,65). One mechanism that
unifies the observed measles-specific immune abnormal-
ities is the downregulation of IL-12 by measles virus
(3,36,50). In addition to and perhaps in combination with
a greater susceptibility to the virus-specific immunosup-
pressive effects, the immature immune system in infants
may limit the virus-specific host response further, thereby
increasing the risk of measles mortality in infants.
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Ideally, it would be advantageous to immunize infants
less than 1 y of age to provide protection at the time of
greatest susceptibility to adverse outcomes, but success
to date has been limited (39,44,49). Thus far, our stud-
ies using measles vaccine as a model of T-cell-dependent
antiviral immunity indicate that healthy infants have rel-
ative limitations in, but not absence of, the immune re-
sponse to measles vaccine that persist during the second
6 mo of life. Infant responses include reduced measles-
specific neutralizing antibody titers and T-cell prolifera-
tion, as well as lower IFN-y and IL-12 production com-
pared with vaccinated adults (18-20). Our studies
evaluating other cytokines showed no IL-4 production
and no age-related difference in IL-10 release in infant
memory responses to measles vaccine. Therefore, the rel-
ative limitations observed in young infant immune re-
sponses to measles vaccine appear to be restricted to the
Th-1 pathway (18).

Interleukin-12 is a crucial early stimulus for Th-1
clonal expansion since it stimulates resting and activated
T cells, inducing the production of IFN-y by T cells,
activating NK cells, and inhibiting IL-4 production
(12,32,40,55). In our previous studies focusing on the rel-
ative T-cell limitations in the responses of infants to
measles antigen, we demonstrated that the addition of ex-
ogenous IL-12 to infant T-cell cultures did not enhance
T-cell function to adult levels (19). This suggests that the
observed deficiency in the measles-specific T-cell re-
sponses in infants is a more complex limitation of infant
immune cells, likely to include other key cytokines. Like
IL-12, IL-15 is an important cytokine made by activated
antigen-presenting cells (APCs), which has both T- and
B-cell stimulatory activity (30,43). Decreased IL-15,
along with low IL-12 production, would decrease hu-
moral immune responses as well as adaptive T-cell im-
munity, both of which are seen in infants immunized with
measles vaccine. The accumulating evidence is that
healthy older infants and young children have relative de-
ficiencies in T-cell and APC function compared to adults
(51,58), and while these do restrict immune responses in
these populations, younger infants may have more pro-
found deficiencies that do interfere with adaptive immu-
nity. Observations from studies of antiviral immunity in
newborns have shown, among other defects, limited
T-cell proliferation and production of key cytokines
(37,63,64). Relative deficiencies in antiviral T-cell im-
munity have been shown in newborns congenitally in-
fected with cytomegalovirus (CMV) (21-23,31), and pro-
longed viral shedding in these individuals indicates that
sufficient antiviral immunity is not obtained for months
to years into childhood (29). Studies with other antigens,
such as BCG, HIV, and influenza have also indicated a
maturational T-cell response to these antigens during in-
fancy (34,41,62).
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Mechanisms explaining the relative limitations of in-
fant immune responses to measles vaccine are likely to
be multifactorial and are largely unstudied to date. Defi-
ciencies in T-cell activation after measles immunization
may be a result of diminished expression of CD40-lig-
and (CD40-L) on activated T cells in infants. CD40-L is
a crucial cytokine that is important for providing signals
to the B cell (via its interaction with CD40), allowing for
antibody production and isotype switching (54,59).
CD40-L is also a key APC activating factor, resulting in
secretion of IL-12 (47,56), and plays an important role
in priming of T-cell production of IFN-y (47,56,59).
Neonatal cells have been shown to have reduced expres-
sion of CD40-L (14,17,35,48), but when levels reach
optimal function is unknown. Deficiencies may still be
present in older infants, accounting for depressed cell-
mediated immunity and decreased ability to develop hu-
moral immune responses as has been reported after
measles immunization in infants (18,19).

The purpose of this study was to compare the virus-
specific T-cell responses in infants with adults who had
vaccine-induced measles immunity. Our hypothesis was
that infants might have a relatively limited Th-1-like re-
sponse to measles antigen compared to adults, which is
impacted by diminished levels of cytokines needed for
effective adaptive immunity. We chose to study the anti-
gen-specific responses in infants as opposed to mitogen
stimulation, as this is more representative of what an in-
fant’s immune system will encounter and will give the
most clinically relevant information. Building upon our
previous work with IL-12, we expanded our evaluation
to the effect of both IL-15 and IL-12, key cytokines re-
leased by activated DCs, on enhancing measles-specific
CD4% T-cell proliferation and IFN-y production when
infant and adult PBMCs were incubated with measles
antigen. In addition, we explored the hypothesis that de-
creased IL-12 expression and IFN-y production may be
a result of limited CD40-L expression by activated infant
T cells, restricting T-cell interactions with APCs and B
cells, and resulting in diminished adaptive T- and B-cell
immunity. In addition to being of public health interest
to improve the effectiveness of measles vaccination of
young infants against measles before 12 mo of age, the
results of these analyses of infant PBMC responses to
measles antigen may apply more broadly to an infant’s
ability to respond to viral antigens as is supported by our
clinical observations with other viruses (31,37,63).

METHODS

Populations

Subjects included 115 infants receiving well child care
in Palo Alto, California, who received their primary
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measles vaccination at 6 (n = 33),9 (n = 35),or 12 (n =
47) mo of age. Blood samples were taken before, 12 wk
after monovalent measles vaccine given at 6 or 9 months
of age, or 24 weeks after MMR administered to the 12-
month-old infants. Ten children (aged 5-11 y) and 15
adults (aged 20-49 y) who had received two doses of
MMR (the children according to the routine schedule of
12 mo and 5 y, and adults in childhood) were also eval-
uated with one blood sample. Not all assays were per-
formed on all samples.

Exclusion criteria for the infant participants were ges-
tation <36 wk, birth weight <2500 g, and for all sub-
jects, acute or chronic illness. No measles cases were
identified in our area during the study period of 1994—
2002.

The study was approved by the Stanford University
Committee for the Protection of Human Subjects and the
Institutional Review Board of the Palo Alto Medical
Foundation; written consent was obtained from parents
or guardians.

Vaccines

Six- and 9-month-old infants received Measles Virus
Vaccine Live (Attenuvax; Merck, Inc., West Point, PA)
and 12-month-old infants received one dose of MMR-II.

T-cell proliferation assay

Peripheral blood mononuclear cells (PBMCs) were
separated from whole blood by Ficoll-Hypaque gradient
and added to 96-well microtiter plates at concentrations
of 3.0 X 10%/well in RPMI 1640 (Gibco, Inc., Gaithers-
burg, MD), and 10% normal human sera (Sigma, Inc., St.
Louis, MO). Measles antigen, prepared from lysates of
Vero cells inoculated with Attenuvax measles vaccine
(More Attenuated Enders’ Strain; Merck, Inc., West
Point, PA), or an uninfected cell control (both with final
concentration 320 wg/mL) were added at dilutions of 1:16
and 1:32 to triplicate wells for testing infant PBMCs and
in quadruplicate wells for adults. Adult PBMCs were also
incubated with antigen and control at a 1:64 dilution. Pre-
liminary studies were performed with multiple measles
antigen dilutions (range 1:16-1:512); dilutions of 1:16
and 1:32 stimulated T cells from all positive donors. Re-
combinant human IL-12 (rhIL-12), with a bioactivity of
7.7 X 107 U/mL, generously provided by Genetics Insti-
tute, Inc. (Cambridge, MA), and recombinant human
IL-15 (rhIL-15) generously provided by Dr. Elaine
Thomas courtesy of Immunex, were added alone or in
combination to PBMCs stimulated with measles antigen
or uninfected cell control at optimal concentration deter-
mined in pilot assays. Preliminary studies were per-
formed using multiple concentrations of both rhIL-12 and
rhIL-15, based on published experience and consultation
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with the manufacturer; additional concentrations above
and below these standards were also tested. The optimal
concentration for rhIL-12 was determined to be 5 U/mL
(0.29 ng/mL), and for rhIL-15 0.25 ng/mL and 2.5 ng/mL,
which were used in all further experiments. The concen-
tration yielding the highest results was used for statisti-
cal analysis. T-cell proliferation was measured by adding
tritiated-thymidine after 5 d (1.25 wCi/mL) for 6-18 h.
T-cell proliferation was calculated by using the mean
counts per minute (cpm) in measles antigen-stimulated
wells minus the mean cpm in control wells. The highest
cpm from either concentration of measles antigen in the
presence or absence of rhIL-12 and rhIL-15 was used for
statistical analysis. The mean cpm in background wells
were compared between infant groups to assure that no
significant age-related differences existed that might in-
fluence results. PBMCs were also stimulated with phy-
tohemagglutinin (PHA; .01 mg/mL; Difco, Inc., Detroit,
MI), positive control, and phosphate-buffered saline
(PBS), negative control (data not shown).

Cytokine production

Supernatants from PBMCs stimulated with measles
antigen or uninfected cell control in the presence or ab-
sence of rhIL-12 (final concentration 5 U/mL) or rhlL-
15 (final concentration 0.25 ng/mL and 2.5 ng/mL) each
alone or in combination were collected from wells on
days 5 and 7, and stored at —70°C. Preliminary studies
showed peak production of IFN-vy between days 5 and 7
post-stimulation. Supernatants were tested for IFN-vy us-
ing the ELISA method from Biosource, Inc. (Camarillo,
CA). Peak values from either concentration or day were
used for statistical analysis. Sensitivities of cytokine de-
tection were defined by reference standards in each as-
say.

Flow cytometry assay

Cell surface markers and intracellular cytokine stain-
ing. Aliquots of 200 wL of fresh, heparinized whole blood
were co-stimulated with anti-CD28 and anti-CD49d mon-
oclonal antibodies (BD Biosciences, San Jose, CA), fol-
lowed by 16 uL, 24 pL, and 40 L of measles antigen
or Vero cell lysates as prepared above. Staphylococcus
aureus enterotoxin B (final concentration of 0.5 mg/mL;
Sigma-Aldrich) was used as a positive control, and PBS
the negative control for each subject (data not shown).
Samples were incubated for 6 h at 37°C, in 5% CO,, and
brefeldin A (final concentration of 10 ug/mL; Sigma-
Aldrich) was added for the final 4 h of the incubation pe-
riod. After the incubation, 20 uL of 20 mM EDTA
(Sigma) was added, followed by FACS Lysing Solution
1X (BD Biosciences). The samples were then centrifuged
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for 5 min and the supernatant was discarded and the cell
pellet was resuspended in 10% dimethyl sulfoxide in
BSA (Sigma). Samples were frozen at —80°C and then
processed/stained within 2 wk. Frozen samples were
thawed, cells permeablized with FACS permeabilizing
solution (BD Biosciences), and stained in the dark for 30
min with the following mixture of fluorochrome-conju-
gated monoclonal antibodies (all BD Biosciences): CD4-
PerCP-Cy5.5, IFN-y-FITC, and CD40L-APC. The
stained cells were washed with wash buffer and fixed
with 1% paraformaldehyde in PBS.

Flow cytometric analysis. Samples were analyzed us-
ing a FACS Calibur flow cytometer (BD Immunocy-
tometry Systems). The lymphocyte population was gated
using forward versus side scatter and setting the acquisi-
tion gate to acquire CD4 ™" T cells. Approximately 50,000
events were collected for each sample, and populations
were identified by gating on CD4+CD40L+IFN-y+
cells. Acquisition and analysis were performed with Cell-
quest Pro software (BD Biosciences). Data were analyzed
as quadrant percentage of positive cells that were CD4*
and CD40-L-positive and then CD4+CD40L+IFN-y+.
Total lymphocyte counts were not accessed as part of this
study, but many previous studies have documented that
the absolute CD4* T-cell count is on average twofold
higher in the same amount of blood from infants com-
pared with adult counts (15,33). To account for this dif-
ference we modified the frequency of values in infants
by multiplying by a factor of two as previously reported
(57).

Statistics

Responses were compared by Student’s paired or un-
paired #-test. T-cell proliferation is reported as mean
counts per minute (cpm) and standard error (SE), and as
stimulation index (SI) and SE. IFN-y is reported as mean
concentration (pg/mL) and SE. Flow cytometry data are
presented as percentage of positive events in the antigen-
stimulated samples minus the percentage of events in the
Vero cell controls. p < 0.05 was considered statistically
significant.

RESULTS

Measles-specific T-cell proliferation responses in
the presence and absence of rhIL-12 and rhiL-15

Lymphocyte proliferation was measured in five infants
(6-12 mo of age) and five adults (20-49 y of age), com-
paring stimulation of PBMCs with measles antigen alone
or in the presence of rhIL-12 and rhIL-15, each alone or
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in combination. Since not all infant samples yielded
enough PBMC:s to test the stimulation index after stim-
ulation with measles antigen and rhIL-15, statistics were
not analyzed using the results from this condition.

Infant T-cell responses. Overall, the T-cell prolifera-
tion response in infant PBMC cultures was equivalent un-
der all conditions, except when rhIL-12 in combination
with rhIL-15 was added to cultures with measles antigen,
which resulted in significantly higher cpm * SE. The
mean cpm * SE after measles antigen stimulation of in-
fant PBMCs was 2780 (*=307), which was equivalent to
the mean cpm * SE of 2632 (+280) with measles in the
presence of rhIL-12. These results were significantly
lower when compared with the mean cpm * SE of
15,919 (£2145) observed after stimulation with measles
antigen and both rhIL-12 and rhIL15 (p = .005) (Fig. 1).

Adult T-cell responses. The pattern observed with in-
fant responses was not seen with PBMCs from adults.
The mean cpm = SE were similar under all conditions
tested and are represented in Fig. 1.

Infant T-cell responses compared with adult responses.
Infant T-cell responses were lower than those seen in
adults when comparing cpm *= SE in the presence of
measles antigen alone, and measles and rhIL-12 (all p <
.05). This is in contrast to the equivalent mean cpm =
SE when infant and adult PBMCs were stimulated with
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FIG. 1. T-cell proliferation in infants after measles immu-

nization compared with vaccinated adults. Shown are the mean
counts per minute (cpm) and standard error (SE) from measles-
stimulated PBMCs in infants (solid bars) after measles immu-
nization (ME), and vaccinated adults (hatched bars) in the pres-
ence and absence of human recombinant interleukin-12 or
interleukin-15 or both. Reported cpm were calculated as cpm
in antigen-stimulated wells minus the cpm in control wells.
Blood samples were collected 12 or 24 wk after measles im-
munization in infants who were 6, 9, or 12 mo of age at the
time of immunization and in adults aged 20-49 y.
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measles antigen and both rhIL-12 and rhIL-15, respec-
tively (p = .4) (Fig. 1).

Measles-specific IFN-vy production in the
presence and absence of rhiL-12 and rhIL-15

Infant IFN-y production. To assess baseline responses
in measles-naive infants, [IFN-vy release in PBMC cultures
after stimulation with measles antigen alone and in the
presence of rhIL-12 or rhIL-15 alone or in combination
was measured in 16 infants. The infants were 6 mo (n =
6), 9 mo (n = 5), or 12 mo (n = 5) old, and were tested
just before measles immunization (data not shown). No
age-related responses were noted at baseline. There was
a measles-specific response detected when PBMCs from
these infants were tested after measles immunization and
compared with responses at baseline.

The mean IFN-y concentrations (*SE) produced by
infant PBMCs after measles immunization were 33
(£11), 72 (£22), 44 (£19), and 104 (*+32) with measles
antigen, measles antigen and rhIL-12, measles antigen
and rhIL-15 and measles antigen and rhIL-12 and rhIL-
15, respectively (Fig. 2). There was a significant rise in
IFN-vy concentration when comparing the mean IFN-y
concentration with measles antigen stimulation alone to
the mean concentrations in the presence of measles anti-
gen and both rhIL-12 and rhIL-15 (p = .03), but not when
each cytokine was added alone to measles-antigen sim-
ulated PBMCs.

IFN-7y production by PBMCs from children and adults.
While some increase in IFN-vy release was observed when
PBMCs of older children (n = 10) and adults (n = 15)
were stimulated with measles and rhlL-12 and rhIL-15,
this increase was not significant, in contrast to responses
observed in infants. The mean IFN-y concentrations
(£SE) released from PBMCs from older children and
adults are shown in Fig. 2.

Infant IFN-vy production responses compared with
children and adult responses. The mean IFN-vy release in
infant PBMC cultures was significantly lower when com-
pared with results in PBMC cultures from children and
adults after measles stimulation (p = .03 and p = .05, re-
spectively). Responses increased to levels equivalent to
those of adult PBMCs in the presence of measles and
both rhIL-12 and rhIL-15 (p = .08), and not each cy-
tokine alone.

Measles-specific CD40-L production by
CD4% T cells

The mean frequencies of measles-specific T cells ex-
pressing CD40-L were evaluated in 94 children who were
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vaccinated against measles at 6 (n = 26), 9 (n = 29) and
12 (n = 39) mo of age, and in 14 adults (representative
plots are shown in Fig. 3A). The mean percentages were
equivalent among infant groups and when compared to
those of adults. The mean frequencies were 0.05%,
0.06%, 0.05%, and 0.08%, in infants at 6, 9, and 12 mo
of age, and adults, respectively (Fig. 3B). These evalua-
tions were also performed using the mean number of
events to distinguish responses without the complication
of differences in cell populations, and results were the
same as when comparing percentages.

Measles-specific CD40-L production and IFN-y
expression by CD4™ T cells

A significant rise in the measles-specific production of
IFN-vy was observed from CD40-L-positive CD4* T cells
when responses after vaccination were compared to those
before measles immunization in the three infant groups
(data not shown; all p < .05). Mean percentages after
measles vaccination were 0.01%, 0.01%, and 0.02%, in
infants 6 (n = 25), 9 (n = 27), and 12 (n = 39) months
of age, respectively. These responses did not show any
significant age-related differences (Fig. 3B). The mean
percentage for measles-specific double positive CD4* T
cells that were both CD40-L and IFN-vy positive was sig-
nificantly lower in all infant groups compared with the
mean percentage of 0.04% observed in adult
CD4+CD40-L+IFN-y+ T cells (p = .04) (Fig. 3B).

=003

i3

P p=008
* p=03

~ 0
2 o
o (=]
I ]

-

—

600~

[ ] & W
e o o o
[=] o o o
1 I 1 1

Mean IFN-y Concentration {(pg/mL)

ME + IL-12 ME +IL-15 ME + combo

ME

FIG. 2. Mean IFN-y concentration from stimulated
PBMC s in infants after measles immunization compared with
vaccinated children and adults. Shown is the mean IFN-vy con-
centration (pg/mL) and standard error (SE) released from
measles-stimulated PBMCs in infants (solid bars) after measles
immunization (ME), and in vaccinated children (striped bars)
and adults (dotted bars) in the presence and absence of rhlL-
12 or rhIL-15 or both. Infants were 6, 9, or 12 mo of age at the
time of immunization, and samples were collected 12-24 wk
after immunization.
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FIG. 3. Flow cytometric analysis of measles-specific CD4* T-cell responses in vaccinated infants compared with adults. (A)
Shown are representative results of measles-specific CD4" T cells that express CD40-L (right and left top panels) and IFN-y
(right top and bottom panels) from a 9-mo-old infant (left histogram) and an adult (right histogram). The numbers in each his-
togram represent the percentage of measles-specific CD4+CD40-L+ T cells that also express IFN-y (top right panel) from 50,000
CD47 T cells. The infant was immunized with Attenuvax at 9 mo of age and a blood sample collected 12 wk after immuniza-
tion. (B) Shown are the individual percentages and mean percentage of measles-specific CD4™ T cells that express CD40-L (left
panel) and both CD40-L and IFN-y (right panel) in infants vaccinated with measles at 6 (circles), 9 (triangles), 12 (diamonds)
months of age, and vaccinated adults (squares). Infants were 6, 9, or 12 mo of age at the time of immunization, and samples were

collected 12-24 wk after immunization.

DISCUSSION

Despite the introduction of an effective vaccine over
four decades ago, measles accounts for 37% of vaccine-
preventable childhood mortality (11,45), most of which oc-
curs during the first year of life (2,8). Increased mortality
rates in infants less than 12 mo of age supports the need
for earlier protection against measles disease through vac-
cination. Obstacles to early immunization include the lim-
itations of the developing immune system. We have re-
ported relative deficiencies of adaptive T- and B-cell
immunity to measles in infants given measles vaccine com-
pared with responses in adults. These include limited T-
cell proliferation, diminished IFN-vy production by stimu-
lated T cells, and reduced augmentation of IFN-vy release
by infant T cells in the presence of IL-12 (18-20).

The current data reveal a correction of the limited
T-cell responses to measles antigen in infants when ex-
ogenous IL-12 and IL-15 were added to PBMC cultures
along with measles antigen. When infant T cells were in-
cubated with measles antigen alone, measles-specific
T-cell proliferation and IFN-vy production from stimu-
lated PBMCs was low compared with older children and
adults, but responses increased to equivalent levels in the
presence of IL-12 and IL-15 in combination. Further-
more, significant increases were observed when infant
T-cell proliferation and IFN-vy responses to measles anti-
gen alone were compared with responses in the presence
of IL-12 and IL-15 in combination, supporting the ca-
pacity of these cytokines to correct the deficiency. This
effect was not observed for IFN-vy responses for children
and adults, and adult T-cell proliferative responses, which
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were robust in the presence of measles antigen alone, and
were not significantly increased further by the addition
of exogenous cytokines. This suggests that IL-12 and
IL-15 concentrations produced by PBMCs from adults
and older children were sufficient to induce and amplify
measles T-cell responses maximally.

Since IL-12 and IL-15 are crucial cytokines produced
by professional APCs or dendritic cells (DCs), these data
suggest a role of the APCs in the lower responses of in-
fant T cells to stimulation by measles antigen. The rela-
tive deficiencies that have been observed could be ex-
plained by a diminished capacity of infant APCs to be
stimulated for the final stages of maturation and produce
the cytokines necessary for augmentation of the memory
T-cell response.

Mechanistically, reduced levels of CD40-L could ex-
plain incomplete DC activation and diminished produc-
tion of cytokines. In this study, we examined the anti-
gen-specific induction of CD40-L surface expression as
a potential mechanism explaining the reduced T- and
B-cell responses to measles vaccination that were previ-
ously reported (18-20), and as a potential mechanism for
diminished DC activation. Previous studies indicate that
CD40-L upregulation in response to mitogen stimulation
is diminished in newborns (14,17,35,48). Our data show
that the CD40-L expression from infant CD4% T cells
was comparable to the expression seen on adult CD4+ T
cells in response to measles antigen stimulation. How-
ever, despite equivalent activation, infant CD4" T cells
expressing CD40-L were significantly less likely to pro-
duce IFN-y when compared with the same subset of ac-
tivated adult CD4™" T cells. Thus, subsequent differenti-
ation of CD4™" T cells into effector cells with expression
of IFN-v in response to measles antigen was less robust
in infants.

Our previous data have shown that measles antibody
responses after measles immunization are diminished in
6-mo-old infants compared with older infants, even in the
absence of passively acquired maternal antibodies to
measles (18), but examination of the immunoglobulin
isotype revealed that measles IgG antibodies are pro-
duced. This suggests that the interaction between CD40-
L on activated T cells with CD40 on B cells was intact,
allowing for isotype switching, which is a crucial role for
CDA40-L (5). The findings in the current study suggest
that upregulation of CD40-L expression on activated T
cells is intact after measles antigen stimulation, so that a
deficiency in this pathway would not be expected to be
responsible for the limitations seen in infant immune re-
sponses to measles vaccine.

It has been shown that after the initial interaction be-
tween activated T cells and APCs via CD40-L-CD40
binding, a maturation that produces a professional APC
must occur. This mature APC can then prime T cells, al-
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lowing the T cell to complete the immune response via
interactions with other cell types (6,38). Based on the cur-
rent findings, we speculate that the additional feedback
from the professional APC to the CD4* T cell, through
key cytokines produced by DCs or monocytes, including
IL-12 and IL-15, was lacking, while initial activation of
the infant CD4* T cell was intact. It has been shown that
both IL-12 and IL-15 are important for the enhancement
of IFN-vy expression from T cells, allowing for the clonal
expansion of activated T cells that is necessary for ef-
fective adaptive immunity (4,6,42,53). IL-12 is crucial
for T-cell immunity and IL-15 has been shown to have
both T- and B-cell stimulatory effects (43,53,55). Di-
minished production of IL-12 and IL-15 from APCs
would be expected to cause restricted T-cell proliferation
by limiting upregulation of co-stimulatory molecules, and
thereby reducing the APC-dependent IFN-vy release that
is needed for the final steps in the adaptive immune re-
sponse and T-cell expansion (43,55). In addition, IL-15
is critical for upregulating CD40 expression on mono-
cytes, further enhancing IFN-vy levels by promoting ad-
ditional CD40-L-CD40 interactions (4).

The acquisition of antiviral immunity is complex, but
clinical and laboratory data support limitations of the im-
mune response in infants and young children to several
viral pathogens. The findings in this study suggest a pos-
sible mechanism for these observations. Our data suggest
that early T-cell activation, marked by the expression of
CD40-L in response to measles antigen, is functional as
early as 6 mo of age, but that the later stages of T-cell
and APC activation and maturation are reduced compared
with older children and adults. While most likely multi-
factorial, the correction of the limited T-cell responses in
vitro by the addition of IL-12 and IL-15 to infant PBMCs
focuses attention on the role of the APC, the source of
these key cytokines, as a factor in the diminished virus-
specific cellular immunity seen in infants. Future evalu-
ations determining the cellular mechanism responsible
for restricted APC function are necessary to fully under-
stand these findings.

CONCLUSION

The importance of immunizing infants less than 1 y of
age against measles is supported by the increased mor-
tality in this age group. It is important to understand the
limitations of the developing immune system in order to
develop effective vaccines and appropriate vaccine dose
regimens for use in infancy. To our knowledge, this is
the first study that has highlighted the potential role of
reduced function of antigen-presenting cells in the lim-
ited virus-specific immune response of infants beyond the
neonatal period.
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