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Abstract

Evaluations of neutralizing antibody responses in 6-, 9- and 12-month-old infants given measles or mumps vaccine indicated tha
6-month-old infants had diminished humoral immune responses associated with passive antibody effects, but also had an intrinsic deficienc
in antiviral antibody production, which was independent of passive antibody effects. In contrast, lower neutralizing antibody titers in
9-month-olds were related only to passive antibody effects. Measles and mumps-specific T-cell proliferation and interferon-gayhma (IFN
production were induced by vaccination at 6, 9 or 12 months, regardless of passive neutralizing antibodies or age. These observatior
suggest a need to refine concepts about passive antibody interference and primary vaccine failure, taking into account the sensitizatic
of antiviral T-cells, which occurs in the presence of passive antibodies and is observed in infants who do not develop active humoral
immunity. A second dose of measles vaccine given at 12—-15 months enhanced antiviral T-cell responses to measles in infants who wel
vaccinated at 6 or 9 months, and produced higher seroconversion rates. Since T-cell immunity is elicited under the cover of passive
antibodies, the youngest infants benefit from the synergistic protection mediated by maternal antibodies and their own capacity to develo
sensitized antiviral T-cells, which prime for subsequent exposures to the viral antigens. Conceptually, maternal immunization approache
with vaccines that can be given to women of child-bearing age before pregnancy, or that are safe for administration during pregnancy
should enhance passive antibody protection. Rather than being detrimental to infant adaptive immune responses, maternal vaccination ¢
be coupled effectively with vaccine regimens that elicit priming of antiviral immune responses in infants during the first year of life.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction livery of measles vaccine to the global population means that
an estimated 800,000 children die from measles annually
Measles virus is a highly contagious human pathogen, [3]. The morbidity and mortality due to measles is highest
which is spread by respiratory transmiss[asR]. Infection among infants who become infected during the first year of
with measles virus is usually associated with a systemic life. This pattern of disease burden is observed in developed
febrile illness, characterized by viremia and rash, which as well as developing countri¢4$-8].

can be complicated by encephalitis or pneumonia. Before When live attenuated measles vaccines were introduced

the development of the live attenuated measles vaccines,jn the 1960s, protective efficacy was found to be signifi-
measles caused an estimated 7 million deaths each year igantly lower in children vaccinated at less than 12 months
previously healthy childrerfl-3]. Measles vaccine cam- of age[1]. These youngest children can be protected from
paigns have been quite effective in controlling the annual most exposures to measles in communities that maintain

epidemics in most developed countries, but inadequate de-high levels of measles immunity by vaccinating older chil-
dren. However, one important consequence of the efficiency
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of ‘herd immunity’ must be preserved by immunization as much as possible, from those that may be attributed to
of each new birth cohort at the appropriate age. Measlesfunctional immaturities of the immune system during the
control has been achieved through intensive mass and roudirst year of life.
tine measles vaccination and re-vaccination programs in the
western hemispher8], but infant deaths from measles are
common when resources are inadequate to sustain the pub2. Methods for evaluation of antiviral immunity to
lic health effort, as is the case in certain areas of Africa measles and mumps
and southern Asig8,9]. Periodic re-introduction of measles
virus into well-vaccinated communities also results in severe  The measles vaccines used in these studies were Measles
disease and deaths among infants who have not yet receivedirus Vaccine Live (Attenuvax; Merck, Inc., West Point,
their routine measles immunization, which is given at 12—15 PA), 1000 median tissue culture infective doses [T§glPor
months. Measles re-introductions are of growing concern Mumps Virus Vaccine Live (Mumpsvax; Merck, Inc., West
in developed countries because many women are protected?oint, PA), >20,000 TClgy, and MMR-II vaccine (Merck,
from measles by childhood immunization. Since measles an-Inc., West Point, PA). Measles and mumps antibodies were
tibody titers are lower in vaccinated women than in those measured using plaque reduction neutralization (PRN) meth-
who had natural infection, their infants receive lower titers ods[15]. Seroconversion was defined as a four-fold rise in
of transplacentally transferred, passive antibodies againstantibody titer after pre-vaccine levels were corrected for de-
measles than infants whose mothers had measles infectioncay over three half lives; measles seroprotection has been
As we and others have observed, many infants who are bornconsidered to be associated with PRN titer >1:120 mIU.
to vaccinated mothers have lost detectable measles passivieasles and mumps-specific T-cell responses were mea-
antibodies by 6—9 months of age, resulting in a longer pe- sured by proliferation of peripheral blood mononuclear cells
riod of susceptibility between loss of passive immunity and (PBMC) incubated with measles or mumps antigen com-
administration of the primary measles vaccine dose at 12—15pared to an uninfected cell contrdl0,13-15] T-cell pro-
months of agg9-12]. liferation was measured after 5 days BjH]-thymidine
Given these considerations, understanding the obstaclesiptake. The stimulation index (SI) was the ratio of mean
to inducing antiviral immunity when infants are vaccinated counts per minute (cpm) in antigen and uninfected cell con-
at less than 12 months old is important for eliminating the trol wells. An SI >3.0 was defined as the cutoff for a pos-
threat of measles infection in infancy in developed as well itive response because it represents the mean BIS.D.
as developing countries. We have undertaken a series of in-above the mean Sl as measured in the pre-vaccination spec-
vestigations to address this issue, through comparative analimens. Interferon-gamma (IR}, interleukin-12, and other
yses of the host response in infants given measles vaccinecytokines were measured in supernatants from PBMC stim-
at 6, 9 and 12 months of ad@,13—15] Work is in progress  ulated with measles or mumps antigen by ELISA methods
to evaluate the response to a second dose at 12 month§l4]. Statistical analyses were done with Student paired or
given to infants whose first dose was administered at 6 or unpairedt-test, x° and Fischer exact tests; GMTs were re-
9 months. While the immunogenicity of measles vaccine ported with 95th confidence intervals, and SI and+{RMth
has been evaluated traditionally using serologic assays, westandard errors.
have examined the acquisition of measles-specific cellular
immunity in parallel with measles neutralizing antibody re-
sponses. Comparisons with the responses of infants given3. Humoral and cell-mediated immune responses to
live attenuated mumps vaccines have provided a means toneasles and mumps vaccines given to infants at 6, 9
determine whether observations about measles immunity areor 12 months of age
unigue to measles, or are generally characteristic of the re-
sponse to live viral vaccines given during the first year of  In this study, we evaluated the ability of infants at 6, 9,
life. In other work in progress, we are using new methodolo- or 12 months to respond to measles and mumps vaccines by
gies to assess the functional capacities of infant CD4 T-cell measuring neutralizing antibody titers, T-cell proliferation
responses to measles antigens, including assays for cytokin@nd IFNy production before and after immunizati¢gh5].
production, quantitation of measles-specific responder CD4 Infants were vaccinated at 6 months £ 93), 9 months
T-cells, and up-regulation of surface molecules that are im- (n = 77), or 12 months# = 78) of age; pre-vaccine and
portant in helper T-cell function. 12 weeks blood samples were obtained from 210 infants.
The purpose of this report is to review our studies of Mumps vaccine was given to 6 months=£ 53), 9 months
adaptive antiviral immunity in which measles immunization (n = 45) or 12 months/{ = 41) infants; 97 infants were
is used as a model to examine the ontogeny of the hosttested both before and after vaccination. Eligibility require-
response during the first year of life. A fundamental goal ments were gestation >36 weeks, birth weight >2500 g, and
of this work is to define the effects of passively acquired no acute or chronic illness. Vaccinated adults born after 1963
maternal antibodies on acquisition of adaptive immunity, were tested for immunity to measles & 48) or mumps
both humoral and cellular, and to differentiate these effects, (n = 25).
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The first significant observation from these investigations  Infants given measles vaccine had H-ldroduction by
was that infants in all age groups had equivalent cellular PBMC obtained after immunization at 6 months= 24),
immune responses to measles or mumps, which was inde9 months £ = 20), or 12 monthsA = 13). IFNy con-
pendent of the presence of passive antibodies when immu-centrations were equivalent in all age cohorts; responses
nized. The second important finding was that 6-month-old were 184+ 52, 349+ 95, and 115t 26 pg/ml, in 6-, 9-,
infants had low measles or mumps geometric mean titersand 12-month-olds. Passive antibodies did not affectylFN
(GMTs) and seroconversion rates, when immunized in the production. IFNy concentrations in infants with and with-
presence of passive antibodies, but also had lower neu-out passive antibodies when immunized at 6 months of age,
tralizing antibody responses in the absence of detectablewere 172+ 38 and 273:83 pg/ml (P = 0.22); at 9 months,
maternally-derived measles or mumps antibodies at the timeresponses were 18858 and 326+ 86 pg/ml (P = 0.31).
of vaccination. IFN+y production was also detected after mumps vaccination

Measles-specific T-cell proliferation increased signif- at 6, 9 or 12 months, with mean concentrations of 239,
icantly after vaccination and mean Sls were equivalent 156+ 54, and 327 96 pg/ml, respectively. Passive antibod-
regardless of age. Measles S| was >3.0 in 72, 69, andies had no effect on mumps-specific Hrlgroduction.

65 of 6-, 9-, and 12-month-old infants. Measles Sls after Age-related differences in measles and mumps neutraliz-
immunization of infants who had measles neutralizing an- ing antibody titers after vaccination were detected. Measles
tibodies when vaccinated compared to those who did not, GMTs were 120 mIU (71-200) and 146 mIU (44-490), in
were 73 £+ 0.9 versus ® + 2.2 in 6-month-old infants  6-month-olds with £ = 47) or without ¢ = 26) passive
and 56 £+ 0.8 versus 6 £ 1.6 in 9-month-old infants measles antibodies-ig. 2A). In contrast, passive antibod-
(Fig. 1A). Measles T-cell proliferative responses were in- ies at the time of vaccination was the only factor affecting
dependent of the amounts of measles passive antibodiesresponses of 9-month-olds; GMTs were 180 mIU (68-473)
Sls were & £+ 1.9 in 16 infants who had passive antibody in those who had passive antibodies when immunized
titers >50mIU and B + 0.9 among those with titers of compared to 744mlU (467-1183) in those without de-
4-50 mIU. Mumps-specific T-cell proliferation was elicited tectable passive antibodie® (= 0.01). Measles GMT in

in infants vaccinated at 6, 9 or 12 months. Again, cellular 9-month-olds without passive antibodies were equivalent
immune responses were not affected by passive antibod-to the GMT of 1210 mlIU (774-1893) in 12-month-olds.
ies; mean Sls in infants with and without passive anti- Measles GMT was 120 mIU (71-200) in 6-month-olds with-
bodies were ® + 2.4 versus & + 1.6 in 6-month-olds out passive antibodies which was significantly lower than
and 61 + 1.5 versus 71 &+ 1.1 in 9-mo-olds (NS) GMTs in 9-month-old £ = 0.01) or 12-month-old infants

(Fig. 1B). who had no passive antibodie® (= 0.0002) Fig. 2A).
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Fig. 1. Antigen-specific T-cell proliferation following measles or mumps immunization of infants with and without passive antibodies. The dzdes indi

the mean stimulation index (Sl) 12 weeks after measles (panel A) or mumps (panel B) immunization in the presence (dark bars) and absence (stripe
bars) of passive antibodies. As shown on the horizontal axis, infants were 6- or 9-months-old at immunization. Error bars indicate standard error. A
positive Sl is defined as 3. Reprinted with permission fridis].
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Fig. 2. Neutralizing antibody responses of infants after measles or mumps immunization in the absence of passive antibodies. Geometric mean titers
(GMTs) were determined by plaque reduction neutralization assay of sera obtained 12 weeks after measles (panel A) or mumps immunization (panel
B). Infants were 6, 9, or 12 months at time of immunization. The 95% confidence intervals for each GMT are given in the text. A measles neutralizing
antibody titer of 120 mIU has been defined as protective. Reprinted with permission{f&m

Seroconversion rates were 77% in these 6-month-oldsMeasles and mumps vaccines contain low concentrations of
versus 97% in 9-month-oldsP( = 0.02) and 96% in viral antigens, which would not be expected to elicit antiviral
12-month-olds P = 0.01), and measles titers >1:120 were T-cell responses without amplification of the antigenic signal
detected in 59% of 6-month-olds compared to 97 and 94% by replication. Other mechanisms, specific for the induction
of 9- and 12-month-olds who had no passive antibodies of B-cell responses, are more likely to affect the production
(6 months versus 9 month®, < 0.0001; 6 months versus of measles or mumps antibodies in the presence of passive
12 months,P = 0.0001). Passive antibody interference antibodies, independently of induction of antiviral cellular
alone accounted for the difference in GMT between 9- and immunity. Examples of these mechanisms include forma-
12-month-olds P = 0.003), as shown by the equivalent tion of antigen-antibody complexes which undergo phago-
GMTs when 9-month-olds without passive antibodies were cytosis, facilitating presentation of viral peptides tdusa
compared with 12-month-olds. Mumps GMTs were also T-cells but inhibiting B-cell sensitization, and masking of
lower in 6-month-olds immunized in the absence of pas- B-cell epitopes by pre-existing antibodies to these regions
sively acquired mumps neutralizing antibodidsg( 2B); of viral protein antigen$16].
GMTs were 18 (9-37), 35 (20-63), and 51 (28-89) at 6, 9,
and 12 months (6 months versus 12 months; 0.04).

In summary, 6-month-old infants had an intrinsic limi- 4. Interleukin-12, IFNy and T-cell proliferation
tation in humoral responses to both of these live attenu- responsesto measlesin immunized infants
ated paramyxovirus vaccines which was independent of the
inhibitory effects of passive antibodies, whereas their an- The morbidity and mortality caused by measles in in-
tiviral cellular immune responses, measured as measles offants results in part from an enhanced susceptibility to sec-
mumps-specific T-cell proliferation and IRNproduction, ondary bacterial infectiong]. These secondary infections
were equivalent to older infants. Furthermore, these studiescan be explained by the generalized immunosuppression
demonstrated that T-cell responses are established by immuthat persists for a prolonged interval after the resolution of
nization with live attenuated viral vaccines during the first clinical signs of acute measles. In addition, some of the
year, despite the presence of passive antibodies. These obpathogenic mechanisms associated with measles virus infec-
servations indicate that assessing the induction of adaptivetion are predicted to interfere with the induction of helper
antiviral immunity using serologic methods only provides an T-cells, classified as Thl-like, because of their capacity to
incomplete picture of the host response in infants given live produce IL2, IFN, related cytokines. Specifically, Karp et
attenuated viral vaccines. A corollary is that defining pri- al. found that the binding of measles virus to CD46, which
mary vaccine failure as a failure to develop antiviral humoral is the receptor that it uses to infect monocytes, results in
immunity does not take into account the priming of antiviral the down-regulation of IL12 productiofi7]. IL12 is criti-
T-cell responses in infants immunized during the first year of cally important for enhancing the production of the Th1-like
life. These analyses also suggest that the traditional conceptytokine responses, including IRNSince IL12 promotes
that passive antibodies block the infant immune response bythe rapid induction of antigen-specific T-cells in the naive
preventing the vaccine virus replication is oversimplified. host, decreased IL12 production could impair the acquisition
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of adaptive immunity to measles, and has the potential to By comparison with PBMC incubated with measles antigen
drive the CD4 T-cell response towards the production of only, rhiL12 enhanced IFfproduction but even when IL12
Th-2 like cytokines, which may have immunosuppressive was provided, infant T-cells released significantly lessyFN
effects. Although we found no age-related differences in than adult T-cells in response to measles antigeg. (3).
measles-specific T-cell proliferation or IRNproduction in The data was further analyzed by classifying the vaccinated
infants vaccinated at 6, 9 or 12 months of age, these re-infants according to whether they had passively acquired
sponses were lower in infants compared to vaccinated adults neutralizing antibodies to measles at the time of immuniza-
Therefore, we examined measles-specific T-cell responsedion. No differences were observed in measles-specific T-cell
in infants and adults who had vaccine induced measles im-proliferation or in the concentrations of IRNoroduced by
munity, using assays for IL12 production, T-cell prolifera- PBMC stimulated with measles antigen.
tion and IFNy release by PBMC stimulated with measles  In summary, cellular immunity to measles infection and
[14]. vaccination may be limited in infants compared to adults
Our hypothesis was that infants might have a limited as a result of less effective IRNand IL12 production in
Thl-like response to measles, which could contribute to a response to measles antigens. The quantities of IL12 made
diminished measles-specific cellular immune response. Re-may not be sufficient to induce concentrations of 4HNgh
lease of IL12 and IFN by PBMC stimulated with measles enough to promote the maximal expansion of infant T-cells
antigen was measured along with measles-specific CD4 Tthat recognize measles antigens. Nevertheless, these effects
proliferative responses of infants before and after measleswere not exaggerated in younger infants compared to in-
vaccination. Infants were vaccinated at 6 months=(52), fants who were immunized at 12 months and the presence of
9 months ¢ = 42), or 12 monthsi( = 40); their responses passive antibodies had no contributing effect. The increased
were compared with those of 29 vaccinated adults. In thesesusceptibility of infants to severe measles is likely to be
experiments, both IL12 and IFNrelease by PBMC that  multi-factorial, and may be mediated in part by lower 1L12
were obtained before and after measles immunization of in- responses compared to adults, in combination with an in-
fants and stimulated with measles antigen in vitro, increasedtrinsic limitation in the capacity of infants to produce N
significantly following immunization. Whereas there were [15].
no differences in production of IL12 and IRNn younger
infants, evaluated after immunization at 6 months of age,
and older infants vaccinated at 9 or 12 months, IL12 release5. Further analysis of the limitations of the infant
by PBMC stimulated with measles antigen was significantly CD4 T-cell response to measles
lower in infants than adultsR = 0.04). In order to deter-
mine whether this deficiency in IFNrelease was due only In studies that are in progress, we are examining CD4
to the limited production of IL12 by infant monocytes, ex- T-cell immunity in infants given measles vaccine at 6, 9
ogenous recombinant human IL12 was added to PBMC cul- or 12 months, using flow cytometry-based intracellular cy-
tures during the period of stimulation with measles antigen. tokine assaygL8]. This approach is being used to enumerate
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Fig. 3. Limited effect of recombinant IL12 on IFNrelease by infant PBMC stimulated with measles antigen. Interfgrpreduction in infants before

and 12 weeks after measles vaccination in the presence and absence of interleukin-12. Shown is the ntesferentration (pg/ml) in infants before
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responder cell frequencies, to characterize the production ofing antibody responses increased after MMR to GMTs of
cytokines and to examine up-regulation of CD4 T-cell ac- 1487 mIU (884—-2497) in the 6-month-olds and 1994 mIU
tivation markers, CD69 and CD40-ligand (CD40L) (Gans (809-4920) in the 9-month-olds. All infants developed
et al., CD4+ T-cell activation with limited interferony pro- titers of 120mIU after MMR. These studies showed that
duction to measles in vaccinated infants—IDSA 2002). Re- an early two-dose measles immunization regimen elicited
sponder cell frequencies of CD4 T-cells, expressing CD69 measles-specific T-cell responses in infants as young as 6
or CD40L, are measured by flow cytometry after in vitro months, which were associated with enhanced humoral re-
stimulation with measles antigen &aphlococcus entero- sponses after receiving MMR at 12 months of age. Further,
toxin B (SEB). The proportion of activated cells detected the observations indicate that developmental immaturities
with these cell surface markers is evaluated with respect toof the immune response in young infants at the time of
the percentage of these activated CD4 T-cells that also pro-first measles vaccination do not suppress future responses,
duced IFNy. and that initial interference from passive antibodies was
By the current analysis, the overall numbers of CD4 not associated with any limitation in seroconversion and
T-cells that exhibited CD69 or CD40L expression after seroprotective rates following the second measles vaccine
incubation with measles antigen in vitro, did not differ by dose.
infant age, when frequencies were compared in infants who
were vaccinated at 6, 9 or 12 months, or when the infant
responses were compared to those of the vaccinated adults{. Conclusions
In the cohort of infants evaluated thus far, infants have had
fewer CD40L+/IFNy+ and CD69+/IFNy+ CD4 T-cells Evaluation of neutralizing antibody responses in
after stimulation of PBMC with measles antigen when com- 6-month-old infants given measles or mumps vaccine sug-
pared to the expression on activated PBMC from vaccinatedgest an intrinsic deficiency in humoral responses in this
adults. No age-related differences were noted in nhumbersage group which is independent of passive antibody ef-
of measles-specific activated, IFNroducing CD4 T-cells, fects. In contrast, no age-related differences were identi-
but both CD40l3-/IFNy+ and CD69+/IFNy+ CD4 T-cell fied in measles or mumps-specific T-cell proliferation or
frequencies were lower after stimulation with SEB in IFNy production with vaccination at 6, 9 or 12 months
the youngest cohort. CD4GHIFNvy+ frequencies were  (Fig. 4). Passive antibodies had no effect on T-cell pro-
34 in 6-month-olds compared to 84 in 12-month-olds liferation or cytokine production. However, differences
(P = 0.03), and CD69/IFNy+ frequencies were 52 at 6 were observed in measles-specific T-cell responses be-
months and 192 at 12 month® (= 0.01). These obser- tween infants and adults, including lower measles-specific
vations suggest that CD4 T-cells from immunized infants CD4 T-cell proliferation and IFN and IL12 production,
respond effectively to measles antigen by up-regulation lower frequencies of CD68/IFNy+ CD4 T-cells and
of activation markers, CD69 and CD40L, but again indi- fewer CD40Ll+/IFNy+ CD4 T-cells induced by measles
cate that infant CD4 T-cells are impaired for INpro- stimulation. Thus, possible mechanisms for less robust hu-
duction. Nevertheless, the detection of measles-specificmoral immune responses in younger infants may be related
activation suggests that T-cells from immunized infants, to limited IFNy production by helper T-cells, decreased
while functionally limited in IFNy production, are primed  measles-induced IL12 production affecting induction of
to respond to an exposure to measles or to a secondCD4 T-cells and limited antigen-induced up-regulation of
vaccination. CD40-Ligand which could restrict interactions of helper
T-cells and B-cells With respect to concepts about antivi-
ral immunity in the first year of life, these observations
6. Effects of a two-dose measles vaccine regimen suggest a need to redefine passive antibody interference,
since antiviral CD4 T-cells are elicited despite passive an-
Humoral and cellular immune responses have been ex-tibodies. The concept that maternal antibodies neutralize
amined in a subset of infants who were immunized at live viral vaccines is oversimplified. Inhibition of the infant

6 months and re-vaccinated with MMR: (= 19) [15]. antibody response by passively derived maternal antibodies
Among these infants, the mean Sls wer® & 3.1 after will need to be investigated by identifying specific mecha-
the initial monovalent measles and.@1 2.4 after MMR. nisms that modulate antibody production independently of
The Sls in 9-month-oldsn( = 12) were 82 £+ 2.7 after the induction of antiviral T-cells. An alternative paradigm
monovalent measles vaccine and8 ¢ 2.8 after MMR. is that inhibition of antibody production in the presence

The measles-specific T-cell proliferation responses mea-of passive antibodies is not ‘interference’, but modulation
sured after MMR was given to infants who had received to avoid antibody excess and immune-mediated disease
monovalent measles vaccine at 6 or 9 months were higherin early infancy. These studies also indicate a need to re-
than those of 12-month-olds who had received MMR only define the concept of primary vaccine failure. Priming of
(6 months versus 12 monthg, = 0.008; 9 months versus antigen-specific helper T-cells occurred in some infants
12 months,P = 0.04). In addition, the measles neutraliz- without serconversion, providing these infants with active,
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down-modulation by passive antibodies or to immunologic
immaturity.
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humoral immune responses and effects of passive antibodies on humoral
immune responses. In contrast, T-cell responses are elicited regardless

of age and are not affected by passive antibodies. Panel (A) demon-
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