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Initial	immune	responses	to	allergens	may	occur	before	birth,	thereby	modulating	the	subsequent	development	
of	atopy.	This	paradigm	remains	controversial,	however,	due	to	the	inability	to	identify	antigen-specific	T	cells	
in	cord	blood.	The	advent	of	MHC	tetramers	has	revolutionized	the	detection	of	antigen-specific	T	cells.	Tetra-
mer	staining	of	cord	blood	after	CMV	infection	has	demonstrated	that	effective	CD8+	antigen-specific	immune	
responses	can	follow	intrauterine	viral	infections.	We	hypothesized	that	sensitization	to	antigens	occurs	in	utero	
in	humans.	We	studied	cord	blood	B	and	T	cell	immune	responses	following	vaccination	against	influenza	dur-
ing	pregnancy.	Anti-Fluzone	and	anti-matrix	protein	IgM	antibodies	were	detected	in	38.5%	(27	of	70)	and	40.0%	
(28	of	70),	respectively,	of	cord	blood	specimens.	Using	MHC	tetramers,	HA-specific	CD4+	T	cells	were	detected	
among	25.0%	(3	of	12)	and	42.9%	(6	of	14)	of	cord	blood	specimens	possessing	DRB1*0101	and	DRB1*0401	
HLA	types,	respectively,	and	were	detected	even	when	the	DRB1	HLA	type	was	inherited	from	the	father.	Matrix	
protein–specific	CD8+	T	cells	were	detected	among	10.0%	(2	of	20)	of	HLA-A*0201+	newborns.	These	results	
suggest	that	B	and	T	cell	immune	responses	occur	in	the	fetus	following	vaccination	against	influenza	and	have	
important	implications	for	determining	when	immune	responses	to	environmental	exposures	begin.

Introduction
Fetal immune responses following exposure of the mother to aller-
gens or other molecules during pregnancy may affect the risk for the 
subsequent development of atopy and other diseases. Support for 
this has been based on several observations. Allergen-induced cord 
blood mononuclear cell (CBMC) proliferative responses have been 
documented and found to be distinct from the mother’s mononu-
clear cell proliferative responses (1–5). Altered cord blood cytokine 
levels, such as reduced IFN-γ, appear to be associated with the subse-
quent development of atopic dermatitis, allergic rhinitis, or asthma 
(6, 7). In a murine model, prenatal exposure to endotoxin downregu-
lated allergic sensitization and airway inflammation in the offspring 
(8). Finally, maternal, but not paternal, IgE levels have been associ-
ated with infant IgE levels and later development of atopy (9).

Nonetheless, the fundamental paradigm that adaptive antigen-
specific T cell and B cell immune responses to environmental expo-
sures occurs prenatally remains controversial (10, 11). The specificity 
of the cord blood proliferation has been challenged, as T cell epitope 
mapping of cord blood responses to allergen indicates that neonatal 
immune cells lack the fine specificity of adult memory cells (12). Also, 
CBMCs can proliferate following in vitro stimulation with non-recall 
antigens, to which natural exposure is extremely unlikely (13, 14).

The controversy surrounding in utero sensitization is not only due 
to the uncertainty regarding the specificity of proliferative immune 
responses but, importantly, stems from the inability to detect and 
immunophenotype antigen-specific CD4+ and CD8+ T cells. Conven-
tional techniques for quantifying antigen-specific T cells include lim-
iting dilution cloning, ELISPOT, and intracellular cytokine assays. 

Although these assays can be conducted without knowledge of spe-
cific antigen epitopes and/or the MHC restriction elements, they are 
indirect and prone to considerable experimental variability (15).

The advent of MHC class I and II multimer reagents has revolu-
tionized the detection of antigen-specific T cells. The recognition 
is based on the specific trimolecular interaction between the MHC-
peptide and the T cell receptor (16). MHC class I and II tetramers 
consist of 4 linked HLA molecules loaded with a peptide (epitope) 
such that the MHC-peptide complex can be recognized by a subset 
of specific T cells via the TCR. The tetramer molecule is covalently 
conjugated to a fluorochrome, allowing sensitive, direct, and spe-
cific detection of CD4+ or CD8+ T cells by flow cytometry (16, 17).  
Tetramer-based detection has been applied successfully to the 
investigation of cell-mediated immunity to a number of patho-
gens in peripheral blood from children and adults (17–19). Fur-
ther, tetramers have been able to identify and immunophenotype 
antigen-specific T cells in cord blood following human CMV infec-
tion, demonstrating that effective CD8+ antigen-specific immune 
responses can occur following intrauterine viral infection (20).

Literature demonstrating the development of antigen-specific B 
cells in utero has been scarce. In 2 small case series, maternal vacci-
nation against tetanus was associated with the development of anti-
tetanus IgM in the cord blood (21, 22). In another case series, influ-
enza-specific IgM was measured in the cord blood of 1 of 8 babies 
born to vaccinated mothers (23). Details concerning the frequency 
of neonatal humoral immunity following vaccination and exposure 
to other antigens and the relationship between maternal and cord 
blood immunoglobulin responses have yet to be addressed.

We hypothesized that in utero sensitization occurs in response 
to antigens to which the mother is exposed during pregnancy. To 
address this hypothesis, and to study systemically the mechanism 
underlying in utero T cell and B cell immune responses in humans, 
we chose a model in which the pregnant mother’s exposure to anti-
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gen is controllable, safe, and recommended by the Centers for Dis-
ease Control and Prevention (CDC) (24), as well as a model in which 
the detection of the fetal immune response to antigen is sensitive 
and specific. The strategy was to study cord blood B cell and T cell 
immune responses following vaccination of the pregnant mothers 
against influenza (Fluzone vaccine, zonal purified, subvirion). We 
found that the fetus readily produces anti-Fluzone and anti–matrix 
protein (anti-MP) IgM following vaccination of the mothers against 
influenza during pregnancy. HA-specific CD4+ T cells were detect-
ed in cord blood using tetramer staining of specimens from new-
borns who inherited the DRB1 HLA types from either the mother 
or father. Combined, these results suggest that intrauterine B and 
T cell immune responses occur following vaccination of the mother 
and support the paradigm that specific fetal immune response to 
environmental exposures occurs prenatally.

Results
The  cohort  consisted  predominantly  of  Hispanic  women,  at 
least  52%  Dominican  American,  receiving  the  influenza  vac-
cine at 29.53 ± 0.34 weeks gestation (Table 1). The frequency of  
HLA-A*0201  in  the  cohort  is  within  a  range  reported  by 
other groups (25–27), but the frequencies of DRB1*0101 and 
DRB1*0401 may be higher when compared with those in other 
Hispanic cohorts (27–29). Among newborns who inherited 1 of 
the 3 HLA types of interest, 57.6% (19 of 33), 15.4% (2 of 13), and 
44.4% (8 of 18) of them shared the A*0201, DRB1*0401, and 
DRB1*0101 HLA types, respectively, with their mothers.

B cell responses to influenza vaccine among pregnant women and in cord 
blood. Maternal B cell immune responses to the influenza vaccine 
during pregnancy were determined by comparing prevaccination 

with postvaccination levels of anti-Fluzone and anti-MP IgM and 
IgG antibodies. Among the 89 mothers for whom both prevaccina-
tion and postvaccination specimens were available, 43.8% (39 of 89) 
produced greater than 2-fold increases in IgM antibodies against 
Fluzone, a seroconversion rate modestly lower than that in previous 
reports following vaccination of pregnant women against influenza 
(30) and group B streptococcus (31). In contrast, 20.2% (18 of 89) 
of mothers produced greater than 2-fold increases in levels of IgM 
antibodies against MP (Figure 1). Further analysis demonstrated 
that the mothers’ overall mean postvaccination anti-Fluzone IgM 
antibody was significantly greater than the prevaccination level 
(0.35 ± 0.04 versus 0.17 ± 0.03; P < 0.0001; antibody levels expressed 
in OD units). Such overall increases following vaccination were not 
significant against MP (0.12 ± 0.02 versus 0.06 ± 0.01; P = 0.11). The 
likelihood of seroconversion was not affected by the time interval 
between pre- and postvaccination measurements, when groups of 
women vaccinated at 24–28, 28–32, and more than 32 weeks gesta-
tion were compared (36%, 31.8%, and 31.8%; P = 0.95). These results 
also indicate that anti-Fluzone IgM antibodies can be maintained 
for up to 16 weeks. In comparison, measured postvaccination anti-
Fluzone and anti-MP IgG antibodies were increased among 13.5% 
(12 of 89) and 27% (24 of 89) of the pregnant mothers, respectively. 
The mean postvaccination anti-Fluzone, but not anti-MP, IgG 
antibody was significantly greater than the prevaccination level  
(Fluzone, 1.85 ± 0.09 versus 1.32 ± 0.07, P < 0.0001; MP, 0.27 ± 0.07 
versus 0.19 ± 0.05, P = 0.14).

To determine whether antigen-specific B cell responses to influen-
za antigens occur in utero, and to describe its frequency, anti-influ-
enza IgM and IgG antibodies in cord blood were measured. Increased 
(i.e., ODs 2-fold greater than those among the “nonvaccinated” 
negative control cohort) anti-Fluzone and anti-MP IgM antibodies 
were measured among 38.6% (27 of 70) and 40% (28 of 70), respec-
tively, of the cord blood specimens following vaccination of the 
mothers. Also, anti-Fluzone and anti-MP IgM mean antibodies were 
significantly greater in cord blood from mothers who received the 
influenza vaccine when compared with cord blood from newborns 
of unvaccinated mothers (Fluzone, 0.05 ± 0.01 versus 0.01 ± 0.005;  
MP, 0.03 ± 0.01 versus 0.006 ± 0.003, respectively; P < 0.05). More-
over, mean levels of cord blood anti-Fluzone and MP IgM antibod-
ies were significantly higher than those of antibodies against an 
irrelevant antigen, Japanese encephalitis (JE) (Fluzone, 0.09 ± 0.02 
and MP, 0.07 ± 0.01 versus JE, 0.01 ± 0.004; P < 0.001) (Figure 1). 
As an additional negative control, cord blood anti-Fluzone and 
anti-MP IgM levels of newborns of unvaccinated mothers were 
found to be similar to cord blood anti-JE IgM levels of newborns 

Table 1
Characteristics of the fully enrolled study cohort (n = 126)

Characteristic	 Result
Ethnicity
Hispanic 111
African American 13
White 2
Age at enrollment (yr, mean ± SEM) 25.41 ± 0.42
Gestation at vaccination (wk, mean ± SEM) 29.53 ± 0.34
HLA-A*0201+ 43.7%
DRB1*0101+ 17.5%
DRB1*0401+ 18.2%

Figure 1
Anti-Fluzone and anti-MP OD ratios from cord blood following vaccination of the mothers. Positive and negative mean levels were each com-
pared with the mean anti-JE antibody for both Fluzone (A) and MP (B). Among cord blood samples with positive anti-IgM antibodies, levels were 
significantly greater than those measured in response to JE. *P < 0.01 versus JE.
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of mothers vaccinated against influenza. Cord blood anti-Fluzone 
and anti-MP IgG antibodies also tended to increase following vacci-
nation of the mother during pregnancy (Fluzone, 2.09 ± 0.1 versus  
1.71 ± 0.12, P = 0.05; MP, 0.37 ± 0.10 versus 0.07 ± 0.02, P < 0.005). 
But cord blood anti-Fluzone and anti-MP IgM antibodies did not 
correlate with their respective IgG antibodies (Fluzone, r = –0.23,  
P = 0.06; MP, r = –0.02, P = 0.85). Combined, these results suggest 
that both anti-influenza IgM and IgG antibodies can be detected 
in the cord blood following vaccination of the mother during preg-
nancy, with the latter presumably developing in the cord blood as a 
result of receptor-mediated maternofetal transfer (32).

The specificity of anti-Fluzone IgM in maternal and cord blood 
was confirmed further by Fluzone inhibition assays. As shown in 
Figure 2, the percentage of Fluzone inhibition increased following 
preincubation with increasing concentrations of Fluzone vaccine 
(from –3.6% ± 4.1% to 86.2% ± 7.6% maternal postvaccination posi-
tive samples; 15.5% ± 22.9% to 78.6% ± 7.4% in cord blood positive 
samples). Such  inhibition was not 
found among the maternal prevac-
cination specimens.

The relationship between levels of 
anti-Fluzone and anti-MP IgM anti-
bodies in maternal and cold blood 
was  also  examined.  As  shown  in  
Figure  3,  a  modest  correlation 
between  maternal  and  cord  blood 
anti-Fluzone (r = 0.26; P = 0.027), but 
not anti-MP (r = 0.19; P = 0.1), IgM 
levels was present. Interestingly, 63% 
(17 of 27) of the positive anti-Fluzone 
IgM cord blood responses occurred 
in the absence of a positive response 
in  the  mother.  Similarly,  67.8%  
(19 of 28) of the positive anti-MP IgM 
cord blood responses occurred in the 
absence of a positive response from 
the mother (Table 2). In contrast, a 
very strong correlation was observed 
between the mothers’ and cord blood 
anti-Fluzone (r = 0.94; P < 0.0001) 
and anti-MP (r = 0.95; P < 0.0001) 
IgG antibody levels (Figure 3), consis-

tent with the known maternal-to-fetal placental passage of IgG. In 
sum, these results suggest that the fetal generation of anti-Fluzone  
and anti-MP IgM may be positively associated with, but still occur 
independently of, the maternal production of anti-Fluzone and 
anti-MP IgM antibodies following vaccination.

Identification of maternal and cord blood HA306–318–specific CD4+ T cells by 
direct staining with MHC class II tetramer. To measure the development 
of influenza-specific T cell responses following vaccination during 
pregnancy, the generation of maternal and cord blood HA306–318– 
specific CD4+ T cells was analyzed by direct staining with MHC 
class II tetramer using criteria for positivity as described in Methods.  
HA-specific CD4+ T cells were detected among 57.1% (4 of 7) of 
DRB1*0101+ vaccinated pregnant women and among 35.7% (5 of 14)  
of DRB1*0401+ vaccinated pregnant women using the respective 
HLA-matched tetramers. No tetramer staining was observed with 
these reagents among any of the DRB1*0101– or DRB1*0401– moth-
ers (n = 20) tested. Among maternal specimens that were classified 
as demonstrating positive tetramer staining, 75% (6 of 8) of them 
showed a corresponding increase in tetramer staining compared with 
the prevaccination levels. In comparison, substantial tetramer stain-
ing was detected among 25.0% (3 of 12) and 42.9% (6 of 14) of new-
borns who inherited the DRB1*0101 (Figure 4) and DRB1*0401 HLA 
types, respectively (Figure 5). DR1/HA or DR4/HA tetramer staining 
was not detected among any of the DRB1*0101– or DRB1*0401– 
cord  blood  specimens  (n  =  11).  The  frequency  of  DR1/HA  
and DR4/HA tetramer positivity among CD4+ cord blood cells 
ranged 0.03% to 0.18% and 0.01% to 0.10%, respectively.

To determine whether the simultaneous detection of antigen-
specific T cells in both maternal peripheral blood and cord blood 
represents contamination of maternal cells during the collection 
of cord blood, cord blood specimens from newborns who inher-
ited the DRB1*0101 or DRB1*0401 HLA type from the father 
were examined. Among the 9 newborns with evidence of increased 
DR1/HA or DR4/HA tetramer staining, 5 inherited the HLA type 
from the father (Figure 5). These data argue against the possibil-

Figure 2
Results of Fluzone inhibition assay following vaccination of the mothers.   

Figure 3
Comparison of ODs. (A) Comparison between maternal and cord blood anti-Fluzone IgM. r = 0.26;  
P = 0.027. (B) Comparison between maternal and cord blood anti-MP IgM. r = 0.19; P = 0.1. (C) 
Comparison between maternal and cord blood anti-Fluzone IgG. r = 0.94; P < 0.0001. (D) Comparison 
between maternal and cord blood anti-MP IgG. r = 0.95; P < 0.0001.
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ity that tetramer positivity of cord blood specimens during flow 
cytometry represents contamination by maternal cells.

Identification of maternal and cord blood MP-specific CD8+ T cells by direct 
staining with MHC class I tetramer. Relatively little is known about the 
CD8+ T cell response to influenza vaccination during pregnancy 
as measured in either maternal or cord blood. Notably, neonatal 
CD8+ T cell responses have been described as weak compared with 
those of adults (33) but perhaps more competent than previously 
recognized (20, 34). To help characterize these responses, we deter-
mined both maternal and cord blood influenza-specific CD8+ T cell 
responses following vaccination of the mother during pregnancy 
by immunostaining with MHC class I tetramer (A2.1/MP tetra-
mer). Tetramer staining was detected only among 25% (4 of 16) of 
HLA-A*0201+ mothers following vaccination and was not detected 
among any of the HLA-A*0201– (n = 14) specimens. Positive tetra-
mer staining was present among only 10% (2 of 20) of HLA-A*0201+ 
newborns tested and none (n = 13) of the HLA-A*0201– newborns 
tested (Figure 6). These results suggest that CD8+ MP tetramer posi-
tivity following vaccination during pregnancy is infrequent among 
vaccinated mothers and even less frequent among their newborns.

HA-specific T cell responders may be effector memory T cells. The dem-
onstration of both humoral and cellular responses to influenza 
antigens in cord blood lends support to the notion that the fetus is 
capable of developing adaptive immunity to antigens encountered in 
utero. Such immunity would be expected to result in immunological 
memory in the newborn. To determine whether the HA tetramer–
positive CD4+ T cells were of an effector memory phenotype, we per-

formed additional costaining with CD45RO. As shown in Figure 7, 
the majority of maternal DR1/HA, DR4/HA tetramer–positive CD4+ 
T cells were CD45RO+, an immunophenotype consistent with effec-
tor memory. To determine whether tetramer positivity in cord blood 
is associated with a memory phenotype, cord blood samples were 
stained for CD45RO cell surface expression. Convincing evidence of 
CD45RO expression (beyond that stained with the isotype staining 
control) was present among CD4+DR4/HA+ cord blood cells (66.7% 
and 14.1% of CD4+DR4/HA+ cells versus 6% and 0% of CD4+DR4/
glutamic acid decarboxylase (CD4+DR4/GAD+) cells in 2 consecutive 
experiments), consistent with an effector memory phenotype.

In vitro expansion of tetramer-positive T cells. To determine whether 
tetramer-positive T cells expand following in vitro stimulation with 
influenza vaccine, in vitro proliferation in thawed aliquots of avail-
able DR1, DR4/HA tetramer-positive and -negative cord blood speci-
mens were tested using the cell tracking dye CSFE (35, 36). In vitro 
proliferation followed by positive tetramer staining of CD4+ cells was 
limited and nonsustainable beyond 2–3 generations of divisions. 
Enrichment of tetramer staining was minimal (data not shown).

Influenza antigen–specific CBMC proliferation was infrequent and 
discordant with tetramer staining. To assess the in vitro proliferative 
response against influenza in maternal versus cord blood, and to 
compare influenza-specific T cell proliferation with tetramer stain-
ing and B cell responses, Fluzone-specific PBMC and CBMC pro-
liferative responses were measured. Among the vaccinated mothers 
examined, 78% (32 of 46) exhibited 2-fold increases in prolifera-
tion following in vitro stimulation with Fluzone, compared with 
proliferation in the absence of antigens. In comparison, 13.6%  
(6 of 44) of CBMC specimens exhibited 2-fold increases in prolif-
eration following stimulation with Fluzone, compared with back-
ground proliferation. Notably, no association between the pres-
ence of influenza vaccine–induced proliferation and detection of 
CD4+-HA–specific cells by tetramer staining was found (Table 3). 
Likewise, positive results from either T cell assay were not associ-
ated with greater levels of IgM antibodies (Table 3).

Discussion
The determination that the fetus can initiate B and T cell responses 
following exposure of the mother during pregnancy has wide impli-
cations for multiple diseases, including atopy. This study provides 
the first direct evidence of antigen-specific T cell fetal immune 
responses to prenatal antigen exposure via vaccination. Without 
in vitro manipulation, MHC class II HA-specific CD4+ T cells were 
detected in 34.6% (9 of 26) of the cord blood samples. MHC class I 

Table 2
Discordance in anti-Fluzone and anti-MP IgM immune responses 
between maternal and cord blood

	 	 Maternal	blood
	 	 +	IgM	 –	IgM

	 Fluzone
 + IgM 10 17A

 – IgM 30 12
Cord	blood

	 MP
 + IgM 9 19A

 – IgM 10 41

ACord blood developed IgM even in the absence of mother’s IgM.

Figure 4
Representative tetramer 
staining of DRB1*0101+ cord 
blood stained with the DR1/HA  
tetramer (A), the same 
DRB1*0101+ cord blood 
stained with the DR4/HA 
negative control tetramer 
(B), and a sample from a 
DRB1*0101– adult volunteer 
stained with the DR1/HA 
tetramer (C). Panels show 
percentage of tetramer-stain-
ing–positive cells from a rep-
resentative subject.
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MP-specific CD8+ T cells were detected less frequently. In addition, 
influenza-specific B cell responses in cord blood, as assessed by IgM 
production following vaccination of the mother were relatively 
common (38.5% to Fluzone; 40% to MP). Combined, these results 
suggest that T and B cell immune responses occur in the fetus fol-
lowing maternal vaccination against influenza during pregnancy.

MHC tetramers utilize  the MHC-peptide complex  to detect 
antigen-specific T cells at the single-cell level, thus surpassing the 
detection limits of conventional cell-based methods. Lower detec-
tion limits for the tetramers utilized here have been reported. For 
example, Dunbar and colleagues reported that the A2.1/MP tetra-
mer stained 0.0017%–0.067% of PBMCs from HLA A*0201+ indi-
viduals with no known history of influenza infection to demon-
strate that tetramers could be used to analyze low-frequency CD8+ 
populations (17). Hoffmann and colleagues reported that 0.11% of 
HLA A*0201+ CD8+ cells collected from healthy donors stain with 
the A2.1/MP tetramer (37). The latter group also calculated a geo-
metric mean background staining among HLA A*0201– subjects 
of 0.0045%. They also established a cutoff for the lower detection 
limit of the assay at the upper 99th percentile of tetramer-positive 
CD8+ T cells in HLA A*0201 individuals at 0.01% (37), providing 
guidelines for discriminating true positive events from false nega-
tive ones. Tetramer staining also detected 0.13%–7.5% CD8+ cells 
from CMV-infected cord blood but repeatedly less than 0.01% of 
CD8+ cells from noninfected cord blood (20). When examining 

CD4+ immune responses following vaccination against influenza, 
Danke and Kwok reported that 0.0033%–0.167% of CD4+ cells stain 
with the DR1/HA or DR4/HA tetramer (38), though expected back-
ground tetramer staining among DRB1*0101– or DRB1*0401– or 
nonvaccinated subjects has not been well described. While potential 
overlap tetramer staining between true antigen-specific cells and 
antigen-nonspecific, falsely positive cells cannot be ignored, the 
frequency of DR1/HA, DR4/HA CD4+ positivity among specimens 
classified as positive here (0.01%–0.18%, after subtracting mea-
sured background levels) ranges above reported background levels. 
Confirmation of antigen specificity during the measured immune 
responses was achieved by: (a) excluding the possibility of con-
tamination from maternal cells by detecting cord blood DR1/HA  
and DR4/HA tetramer staining among newborns who inherited the 
HLA type from their fathers; (b) use of multiple negative controls, 
including a tetramer against an unrelated antigen and DR1/HA–  
or DR4/HA– vaccinated adult and cord blood samples; and (c) 
demonstration of increased tetramer staining in postvaccination 
compared with prevaccination maternal specimens (Figure 7) and 
among 75% (6 of 8) of tested specimens.

In contrast to HA-specific CD4+ T cells, MP-specific CD8+ T cells 
following vaccination were difficult to detect in maternal samples. 
This finding is contrary to documentation of MP-specific CD8+ 
T cells following influenza vaccination among healthy, young, 
nonpregnant individuals (39, 40). Likewise, the development of 

Figure 5
Representative comparison of tetramer staining in DRB1*0401+ and DRB1*0401– cord blood. (A and B) DR4 HLA typing by flow cytometry. (C) 
DRB1*0401+-HA T cell clone (HA136). (D) DRB1*0401+ inherited from father; staining performed with DR4/HA tetramer. (E) DRB1*0401+ inherited 
from father; staining performed with DR4/GAD tetramer. (F) DRB1*0401– newborn; staining performed with DR4/HA tetramer. (G) DRB1*0401– 
newborn; staining performed with DR4/GAD tetramer. Panels show percentage of tetramer-staining–positive cells from a representative subject.
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MP-specific CD8+ T cells following vaccination of the mother was 
extremely difficult to detect in cord blood samples, despite the 
observation that CMV-specific CD8+ cord cells staining positive 
for tetramer are readily detectable following CMV infection (20). 
The findings here suggest that the predominant fetal immune 
responses to vaccination are MHC class II and B cell mediated. 
The mechanism of this apparent CD4+-dominated response to 
influenza vaccine in the fetus is unclear, but the response has been 
observed after vaccination against influenza of children following 
stem cell transplants and among the elderly (40–42).

Cord blood T cells have been characterized as predominantly 
naive cells, in part because more than 90% of circulating CD3+ T 
cells are CD45RO– (43, 44). Nevertheless, CMV tetramer–positive 
CD8+ cells with increased CD45RO expression and cytolytic activ-
ity were detected in cord blood cells following CMV infection, indi-
cating that neonatal cells can express a mature, antigen-specific 
phenotype (20). Similarly, in these experiments, influenza-specific 
cord blood T cells identified by specific tetramer staining (but not 
by the negative control tetramer) were repeatedly CD45RO+, albeit 
to a lesser degree than maternal PBMCs. This phenotype is not 
consistent with recent thymic emigrants and suggests successful 
generation of an effector memory T cell response.

This study also corroborates the findings and greatly supports the 
suggestion of previous reports that antigen-specific IgM antibodies 
develop in utero in response to vaccinations. The frequently higher 
level of influenza-specific IgM antibodies among newborns born 
to vaccinated mothers than those born to nonvaccinated moth-
ers, and the absence of cord blood IgM antibodies against JE, both 
suggest that antigen-specific B cell immune responses to influenza 
vaccine occur in utero. The discordance between the newborns’ and 

mothers’ IgM seroconversion indicates that production of IgM in 
cord blood is independent of the mother’s production of IgM.

Some reports suggest that maternally derived antibodies may 
inhibit  offspring  antibody  production  during  infancy.  These 
include studies following vaccination against measles (45) and hep-
atitis A (46) but not herpes (47). Persistent B cell inhibitory effects 
of maternal vaccination against influenza among the offspring was 
demonstrated elegantly by measuring maternally derived versus 
offspring-generated IgG antibodies using allotype markers (48). 
In these experiments, production of maternally derived antibodies 
did not affect the cell-mediated responses. Maternally derived anti-
influenza antibodies did suppress the ability of infant mice to gen-
erate their own serum antibody production but not their ability to 
mount a secondary antibody response to influenza infection (49). 
In comparison, the modest positive correlations between mater-
nally derived and cord blood IgM antibodies reported here argue 
against an inhibitory effect of anti-influenza maternal antibodies 
generated during human pregnancy on cord blood production. 
However, the offspring’s ability to mount a secondary response 
following reexposure to influenza antigens was not examined.

Influenza-specific IgM antibody production was not necessarily 
associated with a greater likelihood of positive DR1/HA, DR4/HA 
tetramer staining in either the maternal or cord blood specimens. 
The detection of tetramer staining also occurred discordantly with 
influenza-induced T cell proliferation. One may predict that the sen-
sitivity of tetramer staining would be greater than the antigen-specific 
proliferation assay, due to its ability to identify antigen-specific single 
cells and minimize the effects of nonspecific background prolifera-
tion. But the CD4+ response following vaccination against influenza 
is directed against multiple epitopes, and an assay such as tetramer 

Figure 6
Representative tetramer 
staining of samples from an 
HLA A*0201+ adult volunteer 
following influenza vaccina-
tion; an HLA A*0201+ moth-
er after vaccination against 
influenza; and cord blood 
from her HLA A*0201– new-
born. Bottom row represents 
staining using a negative 
control tetramer (A2.1/Neg). 
The cord blood specimen 
was classified as negative. 
Panels show percentage of 
tetramer-staining–positive 
cells from a representative 
subject.
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staining that measures the immune response against only one epit-
ope will be less robust (38). The reduced proliferation rate observed 
among CBMCs when compared with PBMCs could also reflect differ-
ences in epitopes recognized by cord versus maternal cells.

There are certain limitations that may diminish the generalizabil-
ity of these results. These include our inability to control completely 
for winter season (i.e., season for influenza infection) when making 
comparisons between the cohort born to vaccinated mothers and 
the cohort born to unvaccinated mothers. The H3 virus strains used 
in the influenza vaccines possess the PRYVKQNTLKLAT amino 
acid sequence, which differs from the tetramer epitope by 1 amino 
acid (i.e., PKYVKQNTLKLAT). The significance of this difference 
when tracking immune responses to vaccination is unclear. Despite 
the high accuracy of our HLA typing strategy, a small percentage 
could have been misclassified because sequencing data were not 
obtained in every case. In addition, direct detection of very infre-
quent events always raises concerns, especially when distinguishing 
small differences between antigen-specific staining and background 

staining. Collection of a large number of cells during flow cytometry  
(3 × 105 to 1 × 106) and use of appropriate and multiple controls help 
militate against effects of this problem. Moreover, tetramer staining 
can only analyze known MHC-specificities, however more complex 
epitopes may be targeted by T cells (50). We did not observe substan-
tial enrichment of tetramer-positive cord blood cells following in 
vitro proliferation and tracking with CFSE, possibly consistent with 
the observation that CBMCs are characteristically more apoptotic 
than adult PBMCs and that the antigen-induced T cell apoptosis in 
CBMCs dominates the cell population under culture for 48–72 hours 
(11, 43). Finally, determination of the presence of antigen-specific T 
cells several months after birth using repeated tetramer staining may 
have provided further proof of the development of memory T cells, 
but such phlebotomy was beyond the scope of this study.

In  summary,  this  study  establishes  that  both  T  and  B  cell 
immune responses to antigens occur in utero following vacci-
nation and these responses display features of immunological 
effector memory, a hallmark of adaptive immunity. This study 

Figure 7
Maternal and neonatal influenza-specific CD4+ T cells are CD45RO positive. Representative maternal PBMCs and CBMCs were stained with 
DR4/HA tetramers and anti-CD45RO antibody versus isotype control (data for the latter not shown). CD4+/DR4/HA+ T cell population was gated 
to quantify the CD45RO+ T cells. Background staining of postpartum maternal HLA DRB1*0401– PBMCs was 0.008%. Bottom panel indicates 
that maternal PBMCs and newborn CBMCs that stained with DR4/HA tetramer also expressed CD45RO (50% and 66.7% DR4/HA+ cells, 
respectively). Panels show percentage of tetramer-staining–positive cells from a representative subject.
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supports the theory that the human neonatal immune system is 
not deficient or incompetent but, rather, capable of responding to 
environmental exposures. It remains unclear whether these results 
can be generalized to MHC class II immune responses to other 
environmental exposures, such as inhaled antigens, or whether 
neonatal priming may shape the subsequent postnatal vaccine or 
clinical response. Nonetheless, these results indicate that B and T 
cell immune responses occur in the fetus following vaccination 
against influenza and have important implications for determin-
ing when immune responses to environmental exposures begin.

Methods
Subject recruitment, influenza vaccination, and sample collection. 177 pregnant 
women were screened from prenatal clinics affiliated with New York Pres-
byterian Hospital. Inclusion criteria included expected delivery at New York 
Presbyterian Hospital or the affiliated Allen Pavilion during the season 
when influenza is most prevalent and age greater than 18 years. Exclusion 
criteria included: (a) history of cardiovascular, neurological, and other sys-
temic disorders; (b) major complications during pregnancy or history of 
major complications during previous pregnancy; (c) history of recent HIV, 
HBV, and other systemic infection; (d) history of allergic reaction to influen-
za and other vaccines, egg, and latex; and (e) recent flu-like symptoms. The 
study was approved by the Columbia University Institutional Review Board 
(IRB), and written informed consent was obtained from all participants. In 
24 cases, the fathers of the expected newborn were recruited and HLA typ-
ing conducted following receipt of permission from the pregnant mothers 
followed by informed consent from the fathers as described below.

Influenza vaccine was administered to subjects during the second or third 
trimester up to 34 weeks gestation according to CDC recommendations. 
Of the 177 subjects screened, 126 were fully enrolled and received the influ-
enza vaccination (123 Fluzone, 3 FluShield) (Sanofi Pasteur). The other 51 
withdrew prior to vaccination due to inability to contact, voluntary with-
drawal by the participant, onset of influenza infection, or administration 
of influenza vaccination prior to scheduled visit. The presence of HA and 
MP in the influenza vaccine was confirmed by Western blot analysis using  
4 μg of influenza vaccine and JE vaccine (negative control) and labeling with 
anti-HA (1:2,500) (Roche Applied Science) and anti-MP (1:2,500) (Accurate 
Chemical & Scientific Corp.) antibodies (data not shown).

At the time of delivery, 87 adequate cord blood samples were collected 
successfully. The remaining 39 were not collected due to failure of the par-
ticipant to contact research staff during labor, emergent delivery prohibiting 
timely collection of specimen, technical problems with the collection proce-
dure, or delivery at home or another hospital. In cases of uncollected cord 
blood, collection of the maternal blood samples was deferred. Sera were not 
isolated from another n = 15 of these cord blood samples due to technical 
problems (e.g., heparin contamination, inadequate amount collected).

Preparation of blood samples. Phlebotomy was performed on the mothers 
at recruitment, immediately prior to administration of the vaccine, and 
within 1 day postpartum. Cord blood was collected at delivery, as previously 
described (5). Sera were isolated from clotted blood, aliquoted, and frozen 
for future use, as described below. Maternal PBMCs and CBMCs were sepa-

rated by density centrifugation from whole blood (5). Cells were counted 
and plated for culture (as described below) or frozen at –80°C using freezing 
medium (10% DMSO and 90% human serum). Additional samples (n = 42) 
of cord blood sera were collected from an unrelated cohort of children born 
to mothers who did not receive the influenza vaccine during pregnancy, usu-
ally because they were pregnant outside of the influenza season, using identi-
cal techniques and used as a negative control for ELISAs (described below).

ELISA. Anti-MP and anti-Fluzone IgM and IgG antibodies were measured 
in duplicate by ELISA. Prior to use, the influenza vaccine (Fluzone) and the JE 
vaccine were dialyzed for 36 hours using 3 exchanges of PBS and 10,000 MW  
cutoff (MWCO) dialysis tube (Pierce). Plates were coated with MP (80 ng/ml) 
(Doris Bucher, New York Medical College, Valhalla, New York, USA), dialyzed 
Fluzone vaccine (100 ng/ml), dialyzed JE vaccine (100 ng/ml) (Sanofi Pasteur),  
or no antigen overnight. Unbound antigens were washed with PBS/0.1% 
Tween. To block irrelevant proteins, 200 μl of blocking solution (1% pig gela-
tin [Sigma-Aldrich] in PBS/0.1% Tween) was added to each well and incubated 
for 2 hours at 37°C. Sera in appropriate dilution (1:5,000 for IgM; 1:2,500 to 
1:15,000 for IgG, usually 1:10,000) were added and incubated at 4°C for over-
night. After incubation, wells were washed again with PBS/Tween buffer, and 
100 μl/well HRP-labeled goat-anti-human IgG or IgM (BioSource) was added 
and incubated at 37°C for 2 hours. In the final substrate reaction, 100 μl of 
3,3′,5,5′ tetramethylbenzidine (TMB) substrate (BD Biosciences — Pharmin-
gen) was added to each well, samples were incubated in room temperature for 
20 minutes, and the reaction was stopped by 1 M phosphoric acid. ODs were 
read at 450 nm with a Molecular Devices plate reader.

The Fluzone inhibition assay was performed on select samples by prein-
cubating serum samples prior to ELISA with serially diluted Fluzone vac-
cine (dilutions: 1:1, 1:4, 1:16, 1:64, 1:256) as well as a diluent alone (control) 
for 5 hours at 37°C.

DNA extraction and HLA genotyping. After harvesting, mononuclear cells 
were incubated with lysis buffer (50 mM Tris, 100 mM EDTA, 0.5% SDS) in 
the presence of proteinase K (1:15 dilution) (Sigma-Aldrich) at 55°C over-
night. DNA was isolated from CBMCs or PBMCs using phenol sevag extrac-
tion and alcohol precipitation according to conventional techniques (51).

HLA-A*0201, DRB1*0101, or DRB1*0401 genotypes were first screened 
in mothers’ PBMCs and newborns’ CBMCs by nested PCR, using the 
human HLA allele–specific primers, as described previously (52, 53), and 
reverse dot-blot hybridization, using allelic sequence-specific high-resolu-
tion oligonucleotides (Tepnel Lifecodes) as described previously (54). The 
nested PCR for HLA-A*0201, based on reports from Krausa and Browning, 
amplifies products that are A*0201, A*0204, A*0207, A*0209, A*0211, 
A*02115N, A*0216, A*0217 with high resolution (55). Combined with 
high-resolution oligotyping (Tepnel Lifecodes) to eliminate the presence of 
HLA-A*0204 and -A*0211, the remaining subset of A2+ A*0201– individu-
als (A*0207, A*0209, A*02115N, A*0216, A*0217) is estimated to account 
for approximately 2% of all A2+ Hispanic individuals tested (27), making 
misclassification unlikely. The reliability of this approach was confirmed 
through sequencing experiments of representative (n = 28) samples. Addi-
tional HLA typing was performed by flow cytometry using anti–HLA-A2 
at 1:10 dilution (One Lambda Inc.). Equivocal DRB1*0401 results were 
confirmed by flow cytometry using an anti-DR4 antibody (Accurate).

Table 3
Comparison of cord blood tetramer staining with anti-influenza IgM production and T cell proliferation

	 Tetramer	result	 Anti-Fluzone	IgM	 Anti-MP	IgM	 Fluzone	proliferation
DRB1*0101+or DRB1*0401+ Positive (n = 9) 33.3% (2/6) 66.7% (4/6) 0% (0/4)
 Negative (n = 17) 37.5% (6/16) 25.0% (4/16) 22.2% (2/9)
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Tetramer staining and flow cytometry. The 4-color tetramer experiments 
were performed with MHC class I and II tetramer as described previously 
(38). In each of the experiments, 1 × 106 fresh or thawed PBMCs (mother’s 
pre-vaccine and postpartum sample) or CBMCs were placed in 50 μl of 
medium (RPMI medium [Mediatech Inc.] with 15% human serum) in a 
U-bottom, 96-well plate and blocked at 4°C for 30 minutes. After block-
ing, tetramer staining was conducted as follows: (a) MHC class I tetramer 
staining: 5 μl of PE-conjugated A2/M1 tetramer (HLA-A*0201/influenza 
MP58–66 peptide [GILGFVFTL]; iTag; Beckman Coulter) or negative con-
trol tetramer (PE-conjugated HLA-A*0201 unrelated, undisclosed peptide; 
Beckman Coulter) was added and incubated at room temperature for  
30 minutes; (b) MHC class II tetramer staining: 1:100 dilution of PE-conju-
gated DR4/HA tetramer (DRB1*0401/HA306–318 [PKYVKQNTLKLAT]; kind 
gift from William Kwok, NIH Tetramer Facility, Emory University, Atlanta, 
Georgia, USA) or negative control tetramer (PE-conjugated DRB1*0401/GAD  
[NFIRMVISNPAAT] was added and incubated at 37°C for 30 minutes; 
(c)  MHC  class  II  tetramer  staining:  1:125  dilution  of  PE-conjugated 
DR1/HA (DRB1*0101/HA 306–318 [PKYVKQNTLKLAT]; NIH Tetramer 
Facility, Virginia Mason Research Center) or negative control tetramer 
(PE-DRB1*0401/HA) was added and incubated at 37°C for 30 minutes. 
DRB1*0401+-HA T cell clone HA136 was provided as a kind gift from Jean-
Francois Fonteneau, Rockefeller University, New York, New York, USA, and 
was used as a positive control. After tetramer staining, cells were washed 
twice with medium, blocked for 15 minutes, and then incubated for another 
15 minutes with 1:125 dilution of CD14–Alexa Fluor 700 (BD Biosciences —  
Pharmingen) (all experiments) combined with anti-CD19–Alexa Fluor 700 
(eBioscience) (n = 13 experiments) (final 1:16 dilution with anti-CD14) 
along with 1:20 dilution of anti-CD8–Cy5 (CYTO-STAT/Coulter Clone; 
Beckman Coulter) for the MHC class I experiment or anti-CD4–FITC or 
anti-CD4–PE-Cy7 (Beckman Coulter) for the MHC class II experiments.

Additional cell-surface staining for CD45RO was performed in a subset 
using APC-conjugated anti-human CD45RO (1:10 dilution) or the appro-
priate isotype control (BD Biosciences — Pharmingen). In all experiments, 
tetramer staining was followed by staining with DAPI (1 μg/ml) (Molecular 
Probes) as an indicator of cell viability. In all experiments, an additional neg-
ative control was provided by simultaneously staining cells obtained from 
a vaccinated adult and/or cord blood from a newborn of a vaccinated adult 
who possessed a different HLA type. Stained cells were immediately ana-
lyzed by flow cytometry using a FACSCalibur or LSR II (BD Biosciences). 
Results were analyzed using FlowJo software (version 8.3.3; Tree Star Inc.). 
Dead cells and monocytes were excluded first based on the staining of DAPI 
and anti-CD14. The frequency of DR4/HA, DR1/HA or A2/MP tetramer 
staining was determined by dividing the gated live, CD14–, tetramer-positive 
events by the number of gated, live CD14–CD4+ or CD14–CD8+ events.

Proliferation assay. Freshly prepared CBMCs or maternal PBMCs (2 × 105/well) 
were cultured in triplicate for 5 days with phytohemagglutinin as a positive 
control (10 μg/ml) (Sigma-Aldrich), dialyzed influenza vaccine (0.25 μg/ml), 
tetanus toxoid (1:500 dilution) (Wyeth), dialyzed JE vaccine (0.25 μg/ml), or no 
antigen. Proliferation was measured by thymidine incorporation on the fifth 
day. Antigen-specific proliferative responses were expressed as a stimulation 
index (SI), calculated by dividing the average counts per minute in antigen-
containing wells by counts per minute in wells not containing antigen (5).

CSFE tracking dye, in vitro proliferation, and tetramer staining. Thawed CBMCs 
were resuspended in prewarmed RPMI 1640 medium at a final concentra-
tion of 1 × 106 cells/ml and incubated at 37°C for 30 minutes. Cells were 
then incubated with 5 μM 5- and 6-CFSE (Molecular Probes) in RPMI 1640 
medium at 37°C for 15 minutes. Immediately after the incubation, cells 
were centrifuged and resuspended in prewarmed medium and then incubat-
ed another 30 minutes to ensure modification of CFSE. Cells were washed 
twice with RPMI medium and cultured  in medium (Iscove’s medium  

[Mediatech Inc.] with 15% human serum)  in  the presence of dialyzed 
influenza virus vaccine, Fluzone (0.25 μg/ml), or inactivated JE virus vac-
cine (0.25 μg/ml). Anti-CD3 (10 ng/ml; BD Biosciences) was added to the 
culture. After 7 days of culture, CFSE-labeled cells were washed twice with 
cold PBS and stained with DR4/HA or DR1/HA tetramer and subsequently 
with anti-CD4, anti-CD14, anti-CD19 antibodies. Cells were acquired by an 
LSR II after being stained with dead cell marker DAPI (1 μg/ml) (Molecular 
Probes) and analyzed with FlowJo software (version 8.3.3; Tree Star Inc.).

Statistics. Samples were excluded from analyses if vaccination occurred 
more than 34 weeks prior to birth (n = 1) or if the mother suffered docu-
mented influenza infection despite vaccination (n = 1). Anti-Fluzone and 
anti-MP IgM and IgG antibody levels were calculated by subtracting the 
average OD measured in the absence of coated antigen from the average 
OD measured from wells coated with Fluzone, MP, or JE. Negative values 
(i.e., average measured OD following coating with antigen was lower than 
in the absence of antigen) were recorded as 0. In cases when the denomina-
tor of the ratio was 0 (e.g., when prevaccination OD was 0), values were 
recoded as the prevaccine background (OD in non–antigen-coated well). A 
positive maternal anti-IgM response was defined as an average postvaccina-
tion OD 2-fold greater than the average prevaccination OD. A positive cord 
blood anti-IgM response to influenza proteins was defined as an average 
cord blood OD that was 2-fold greater than the mean OD measured from 
the negative control, unvaccinated cohort described above. ODs from each 
IgG measurement were normalized as 1:10,000 dilutions.

Positive tetramer staining was defined as the detection of live, CD14–, 
CD4+, or CD8+ cells that stained in the presence of the A2/MP, DR4/HA, 
or DR1/HA tetramer, after subtracting summed background staining indi-
cated by both the negative control tetramer and by cells derived from an 
HLA A*0201–, DRB1*0101–, or DRB1*0401– individual stained with the 
A2/MP, DR1/HA, or DR4/HA tetramer, respectively.

Nonparametric statistical analyses of the antibodies and percentage 
tetramer staining were performed using the Mann Whitney U test across 
groups (e.g., maternal versus cord blood levels) and Spearman’s rho for 
correlations (e.g., IgM versus IgG levels) using VassarStats online statistical 
computation software (http://faculty.vassar.edu/lowry/VassarStats.html). 
Data are reported as mean ± standard error (SEM) unless otherwise noted. 
Statistical significance was specified as a 2-sided P value of 0.05 or less.
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