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Abstract
Neonates are at increased risk of infections compared to adults. To dissect the mechanisms that
contribute to neonatal immune deficiency, we compared MHC-II antigen processing and presentation
by monocytes from umbilical cord blood and unrelated adult controls. Antigen-specific,
costimulation-independent murine T hybridoma cells were used to detect peptide:HLA-DR
complexes. Relative to adult monocytes, neonatal monocytes were significantly defective in
processing and presentation of protein antigens and presentation of exogenous peptide. Defects in
responses to protein antigens and exogenous peptide were of similar magnitude (56–81% decrease),
indicating that the defect lies in antigen presentation as opposed to intracellular antigen processing.
Average surface MHC-II levels on neonatal monocytes were 38% less than on adult monocytes.
However, there was no correlation between decreased MHC-II expression on individual neonatal
monocyte samples and reduced T cell responses. We demonstrate for the first time that neonatal
monocytes are defective in MHC-II antigen presentation by a mechanism not correlated with
decreased MHC-II expression.
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Introduction
Worldwide, around 10.6 million children still die each year before reaching their fifth birthday.
A majority of these deaths occur due to infections with around 40% of them occurring in
newborns (1). Newborns become infected with bacteria and viruses that either colonize the
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birth canal or are prevalent in their immediate environment (2,3). While these pathogens cause
limited morbidity in adults, they can have devastating consequences in newborns. The high
susceptibility of newborns to pathogens has been ascribed to the diminished CD4+ T helper
cell type I (Th1) response observed during fetal and early neonatal life (4,5). CD4+ T cells
provide the help required for production of antibodies by B cells and for activation of CD8+
T cells that are involved in eliminating viral pathogens.

For activation of CD4+ T cells, antigens have to be processed and presented by class II major
histocompatibility complex (MHC-II) molecules expressed by antigen presenting cells (APCs)
(6,7). Newly synthesized α and β chains of MHC-II molecules associate with the invariant
chain (Ii) in the endoplasmic reticulum and are targeted to the endocytic pathway (8–11). There,
Ii is proteolytically degraded until the MHC-II molecule is left associated with a fragment of
Ii called CLIP (class II-associated Ii peptide) (12–15). CLIP is then replaced by an antigenic
peptide, which may be derived from the degradation of an internalized “exogenous” antigen
(either soluble or particulate) by vacuolar proteases. Removal of CLIP is often catalyzed by
another MHC-encoded molecule, HLA-DM that resides in endosomes (16–18). Generation of
peptide:MHC-II complexes is referred to as antigen processing. Peptide:MHC-II complexes
then traffic to the cell surface for presentation to CD4+ T helper cells. While dendritic cells
are the most potent APCs with their ability to activate naïve T cells, both monocytes and B
cells are important for activating effector T cells.

Several studies have analyzed surface MHC-II expression in neonatal APCs. While a few
studies concluded that MHC-II expression on neonatal APCs is increased (19) or equivalent
(20,21) to that of adult APCs, a majority of the studies found decreased MHC-II expression
on neonatal APCs (22–32). It was speculated that decreased MHC-II expression might lead to
reduced antigen processing and presentation function in neonatal APCs.

MHC-II antigen processing and presentation function in neonatal APCs has been analyzed
mainly by the mixed lymphocyte reaction or by T cell proliferation and has generated mixed
conclusions. MHC-II mediated antigen processing and presentation function in human neonatal
APCs has been described as equivalent (25,33,34), decreased (24,32,35) or increased (36–
39) when compared to that of adult APCs. The lack of consistent results may partly be from
the use of adult or neonatal CD4+ T cells that are functionally different or from the analysis
of dendritic cells of varying functional maturity. Whether decreased responses arise from
specific defects in antigen processing or antigen presentation or both remain unaddressed.
Correlation between surface MHC-II expression in neonatal APCs and their ability to process
and present peptide:MHC-II complexes to CD4+ T cells remains unclear. It has been suggested
that decreased surface MHC-II expression on neonatal monocyte-derived dendritic cells (32)
and neonatal dendritic cells (24) contribute to decreased T cell responses.

To determine whether neonatal APCs are defective in antigen processing and/or presentation
and whether reduced MHC-II is an explanation for this potential defect, we have compared
MHC-II antigen processing and presentation function in negatively selected monocytes from
umbilical cord blood and unrelated adult controls. Our analysis used antigen-specific,
costimulation-independent, murine T hybridoma cells specifically generated to study MHC-II
antigen processing and presentation function in human APCs (40,41). This approach has
allowed us to eliminate the use of allogeneic T cells derived from cord blood and adult blood
that may be functionally different. It has also allowed us to analyze antigen processing and
antigen presentation functions independently of each other. Finally, the use of a consistent T
cell assay has allowed us to assess the correlation between MHC-II levels and T cell responses
for the first time. Our data show that neonatal monocytes are selectively defective in antigen
presentation as opposed to intracellular antigen processing. Neonatal monocytes have
decreased surface MHC-II levels, but no statistical correlation was observed between decreased
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MHC-II levels on neonatal monocytes and magnitude of the defect in T cell responses. We
demonstrate for the first time, that mechanisms other then decreased MHC-II expression
contribute to the antigen presentation deficit of neonatal APCs.

Materials and Methods
Media

All cells were cultured at 37°C in 5% CO2 in standard medium composed of DMEM (Life
Technologies, Grand Island, NY) supplemented with 10% decomplemented fetal calf serum
(Hyclone, Logan, UT), 5 x 10−5 M 2-ME, L-arginine HCl (116 mg/l), L-asparagine (36 mg/l),
NaHCO3 (2 g/l), sodium pyruvate (1 mM), 10 mM HEPES buffer and antibiotics (D-10-F).

Isolation and storage of PBMCs
Recruitment and participation of healthy blood donors for our research as well as collection of
cord blood from consenting mothers was approved by the University Hospitals of Cleveland
Institutional Review Board. HLA-matched healthy adult donors were identified among
personnel at the university and hospital. Adult and cord blood were collected in tubes
containing the anticoagulant citrate-phosphate-dextrose solution with adenine (Sigma, St.
Louis). An aliquot of the cord blood was stored at −20°C, for HLA-DR typing (see below).
PBMCs were isolated from both samples by layering blood diluted in DMEM over Ficoll Paque
Plus (Amersham Biosciences, NJ). For cord blood samples, the PBMCs removed at the
interface of the plasma and Ficoll were re-layered over Ficoll to help further eliminate RBCs.
PBMCs were either used immediately for the isolation of monocytes or were stored in liquid
Nitrogen in aliquots of 20 million cells/vial in freezing media containing 90% FCS/10%
DMSO.

Isolation of monocytes
Untouched monocytes were isolated from freshly isolated PBMCs or from thawed aliquots of
PBMCs using the Monocyte Isolation Kit II from Miltenyi Biotec (Germany).

Generation of T cell hybridomas
All animal experiments were done in accordance with the guidelines laid out by the Institutional
Animal Care and Use Committee at Case Western Reserve University. Generation of the T
cell hybridoma, ITIA has been described by Gehring et al. (41). The T cell hybridomas IACD5,
ITC and A3 were similarly generated. Briefly, mice transgenic for HLA-DR1 (Dennis Zaller,
Merck Laboratories), HLA-DR3 (Chella David, Mayo Clinic) or HLA-DR4 (Thomas
Forstuber, University of Texas at San Antonio) were injected in the footpad with antigen
prepared in complete Freund’s adjuvant (CFA) according to the manufacturer’s instructions.
Popliteal lymph nodes were isolated 7 days later, re-stimulated in vitro for 5 days and the T
cells subsequently fused with the TCR αβ negative BW1100 thymoma cell line. Fused cells
were selected using medium containing hypoxanthine, aminopterin and thymidine (HAT) for
7–9 days and subsequently screened for antigen specificity by the T cell assay (described
below).

PCR screening
The T cell hybridomas, IACD5 and ITIA, are restricted by HLA-DR1 (allele DRB1*0101),
while the A3 T cell hybridoma is restricted by HLA-DR3 (allele DRB1*0301) and the ITC T
cell hybridoma is restricted by HLA-DR4 (allele DRB1*0401). Therefore, the monocytes to
be analyzed by the T cell assay have to be HLA-DR matched. Adult donors and cord blood
that express HLA-DR1 (allele DRB1*0101) or HLA-DR3 (allele DRB1*0301) or HLA-DR4
(allele DRB1*0401) were identified by low and high-resolution PCR. DNA from donor’s blood
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was purified by DNeasy kit (Qiagen, CA). PCR was carried out initially using low-resolution
HLA-DR PCR kits from BioSynthesis Inc. (Lewisville, TX) to identify individuals positive
for HLA-DR1, HLA-DR3 and HLA-DR4 expression. Subsequently, high-resolution screening
was performed on the positive heterozygous donors using high-resolution PCR kits
(BioSynthesis Inc.) to identify individuals that were positive for the 01 allele.

T cell assay
Monocytes were plated in 96-well flat bottom plates in media containing 10% FCS at 5 x
104 cells/well. Antigen, reverse transcriptase (Kathryn Howard, CWRU) for IACD5, tetanus
toxoid (Wyeth-Ayerst, Pearl River, NY) for ITIA and ITC or Antigen 85B (made according
to Lakey, D.L. et al (42)) for A3 was serially diluted in cell culture medium and added to the
monocytes. All antigen preparations were devoid of lipopolysaccaride (LPS) contamination.
T hybridoma cells (1 x 105) were added to each well (200 μl total volume). After 24 h,
supernatants were harvested and stored at −80°C and assessed for IL-2 by the CTLL assay or
IL-2 ELISA.

In some of the T cell assays, corresponding peptide epitopes were used instead of the intact
protein antigen (Table 1). In certain assays, monocytes were preincubated with control antibody
or Anti-human CD80/86 (5 μg/ml, Ancell Corporation, Bayport, MN) for 10 mins prior to the
addition of antigen and T hybridoma cells. In other assays, T hybridoma cells were incubated
with control antibody or murine anti CD40L (10 or 25 μg/ml, eBioscience, San Diego, CA)
for 10 mins prior to addition of antigen and monocytes.

All T cell assays involving fixation of monocytes were performed in 96-well round bottom
plates to minimize cell loss. Monocytes were incubated with antigen alone for 24 h, washed
once in media, fixed with 1% paraformaldehyde for 15 min, incubated with 0.2 M lysine (in
PBS, pH 7.4) for 30 mins and then washed prior to the addition of T hybridoma cells for an
additional 24 h.

Detection of IL-2
IL-2 levels in supernatants were assessed by CTLL assay or IL-2 ELISA. For the CTLL assay,
100 μls of supernatant were assessed for IL-2 using CTLL-2 cells. CTLL-2 proliferation was
monitored by addition of Alamar blue (Trek Diagnostics, Cleveland, OH) as an indicator dye
and measured as the difference between absorbance at 550 nm and 595 nm after 24 h (43). All
analyses were performed in triplicate.

IL-2 ELISA was performed using the capture and detection anti-mouse IL-2 from eBioscience
(San Diego, CA) in Nunc maxisorb flat-bottom ELISA plates (Nalge Nunc International, NY).

Flow analysis
Isolated monocytes were stained with phycoerythrin-conjugated anti-CD14 and
Allophycocyannin-conjugated anti-HLA-DR antibody (L243, Pharmingen, CA) or isotype
control antibody (Pharmingen) and analyzed on a clinically certified BDFacs Canto (BD
Biosciences, CA). MHC-II levels on CD14+ monocytes was calculated by substracting
geometric mean channel fluorescence for isotype control from geometric mean channel
fluorescence for L243 staining.

Statistics
All data was analyzed with SAS® version 9.2 (Carey, NC). Mann-Whitney U-test was used
to analyze differences in IL-2 production, generated by adult monocytes versus neonatal
monocytes and differences in MHC-II levels between adult and neonatal monocytes. Pearson
correlations was used to analyze correlation between MHC-II levels on neonatal and adult
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monocytes and IL-2 production by T hybridoma cells. p value less than 0.05 is considered
statistically significant.

Results
T cell assay to assess antigen processing and presentation by human APCs

HLA-DR-restricted, antigen-specific murine T hybridoma cells were used to assess MHC-II
antigen processing and presentation of protein antigens and presentation of exogenous peptides
by neonatal monocytes and unrelated adult controls. Antigen-specific T hybridoma cells were
generated in transgenic mice expressing human HLA-DR1 (allele DRB1*0101), HLA-DR3
(allele DRBI*0301) or HLA-DR4 (allele DRB1*0401) to specifically study antigen processing
defects in human APCs (40,41). Hybridomas were generated against a variety of antigens
derived from bacterial and viral pathogens (tetanus toxoid, HIV-reverse transcriptase, M.
tuberculosis Antigen 85, Table 1).

For the T cell assay, suitable donors were identified by low and high-resolution PCR based on
polymorphisms in the β chain of human HLA-DR molecules. Negatively selected monocytes
from HLA-matched donors were incubated for 24 h with protein antigen or exogenous peptide
and corresponding HLA-restricted T hybridoma cells (see Table 1). Supernatants were assayed
for IL-2 by the CTLL assay.

T hybridoma cells were characterized for co-stimulation (CD80/CD86 and CD40) dependence
in a standard T cell assay. To test the requirements for CD80/CD86 co-stimulation, monocytes
were pre-incubated with anti-CD80/CD86 antibodies prior to addition of antigen and T
hybridoma cells. To test the requirement for CD40-CD40L interaction, T hybridoma cells were
pre-incubated with anti-CD40L antibody prior to the addition of monocytes and antigen.
Neither the anti-CD80/CD86 antibodies nor the anti-CD40L antibody blocked T cell
hybridoma responses (Table 1). Therefore, all the hybridomas characterized for these studies
are CD80/CD86 and CD40 independent.

Neonatal monocytes purified from fresh cord blood are deficient at MHC-II antigen
processing and presentation

To analyze MHC-II antigen processing and presentation in neonatal monocytes, cord blood
was immediately MHC-typed following receipt. Negatively selected monocytes were then
purified from HLA-matched cord and adult blood and used in T cell assays with the
corresponding MHC-restricted T hybridoma cells growing in passage. Purity of the monocyte
population was 85–90% as assessed by CD14-positive staining with T cells comprising the
main contaminant. For our initial analysis we compared antigen processing and presentation
in pairs of monocytes: one derived from cord blood and the other from an HLA-matched adult
donor (Fig. 1). Levels of T cell hybridoma generated IL-2 (Th1 cytokine) in supernatants was
assessed by CTLL assay. As is clearly demonstrated in Fig. 1, HLA-DR1 and HLA-DR4
neonatal monocytes were deficient at processing and presentation of protein antigens.

T cell assay for consistent analysis of multiple samples over time
To further quantify and assess the defect, a larger cohort of neonatal and adult monocytes had
to be analyzed. Therefore, a quantitative readout that would ensure consistency over time and
allow subsequent investigation of defects in the same monocytes that were analyzed in an initial
T cell assay was needed. To ensure consistency in experiments done over time, all subsequent
experiments have been performed using T hybridoma cells taken directly out of
cryopreservation and derived from a single freeze. T hybridoma cells taken directly out of
cryopreservation perform nearly as well as cells from a passage culture (data not shown).
Analysis of IL-2 in supernatants was switched from the CTLL assay to the more quantitative
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IL-2 ELISA. Finally, monocytes isolated from fresh and frozen peripheral blood mononuclear
cells (PBMCs) were evaluated in T cell assays. By freezing PBMCs one could evaluate
monocytes isolated from frozen PBMCs in antigen processing and presentation assays and
subsequently analyze these monocytes for mechanisms of defects at a later point in time. Using
the T cell assay, monocytes purified from freshly isolated, HLA-DR1 (allele DRBI*0101) adult
and cord blood samples were compared to monocytes purified from a frozen portion of the
same PBMC sample. Adult and neonatal monocytes isolated from frozen PBMCs were
functionally similar to monocytes isolated from freshly isolated PBMCs in T cell assays (data
not shown).

Neonatal monocytes are selectively defective in MHC-II antigen presentation as opposed to
intracellular antigen processing

Using our new strategy, antigen processing and presentation function was analyzed in
negatively selected monocytes derived from frozen PBMC samples that expressed HLA-DR1
(allele DRB1*0101, Fig. 2) or HLA-DR3 (allele DRB1*0301, Fig. 3). HLA-DR1 monocytes
isolated from 8 HLA-DR1 adult blood and 8 HLA-DR1 cord blood samples were incubated
for 24 h with various concentrations of reverse transcriptase, reverse transcriptase peptide
(350–364) or tetanus toxoid and the corresponding T hybridoma cells (see Table 1). Monocytes
incubated with exogenous peptide by-pass the requirement for antigen processing, by directly
presenting exogenous peptides in the context of surface MHC-II molecules to T hybridoma
cells. Supernatants were analyzed for IL-2 by ELISA. The viability of neonatal and adult
monocytes cultured overnight in media was found to be similar (around 90 % as determined
by Trypan Blue exclusion). Majority of neonatal monocytes samples were defective for both
processing and presentation of reverse transcriptase as well as presentation of exogenous
reverse transcriptase peptide (Fig. 2). This defect was also observed in our analysis of
processing and presentation of an unrelated antigen, tetanus toxoid, confirming that neonatal
monocytes are generally defective in processing and presentation of protein antigens as well
as presentation of exogenous peptide.

The magnitude of the processing and presentation defect was analyzed in HLA-DR1 neonatal
monocytes by comparing IL-2 concentrations in T cell assay supernatants at specific antigen
and peptide concentrations (Table 2; of all the different concentrations of antigen used in the
T cell assay, only the concentration of antigen that gave close to a 1/2 maximal response is
shown in Table 2). At reverse transcriptase concentrations of 0.2, 0.63 and 2 μg/ml, neonatal
monocytes generated 76 % (p = 0.007), 67 % (p = 0.005) and 66 % (p = 0.001) less IL-2
respectively than adult monocytes (p values derived by non-parametric Mann-Whitney U test).
At reverse transcriptase peptide concentrations of 0.06, 0.2 and 0.63 μg/ml, neonatal monocytes
generated 86 % (p = 0.002), 82 % (p = 0.008) and 78 % (p = 0.0008) less IL-2 respectively
than adult monocytes. At a tetanus toxoid concentration of 3.16 and 10 μg/ml, neonatal
monocytes generated 72 % (p = 0.045) and 66 % (p = 0.027) less IL-2 respectively than adult
monocytes. The magnitude of the defect in processing and presenting intact protein antigen
was very similar to the magnitude of the defect in presenting exogenous peptide to T hybridoma
cells. These observations suggest that neonatal monocytes are selectively defective in antigen
presentation as opposed to intracellular antigen processing.

To determine whether the antigen presentation defect could be observed in neonatal monocytes
expressing other HLA-DR molecules, our analysis was extended to additional monocytes that
expressed HLA-DR3 (allele DRB1*0301, Fig. 3). HLA-DR3 monocytes isolated from 7 HLA-
DR3 adult blood and 7 HLA-DR3 cord blood samples were incubated with various
concentrations of M. tuberculosis Antigen 85 or Antigen 85 peptide(53–67) and the HLA-DR3
restricted A3 T hybridoma cells. Majority of neonatal monocyte samples were defective for
both processing and presentation of Antigen 85 as well as presentation of Antigen 85 peptide
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confirming that the defect in neonatal monocytes is not restricted to only monocytes expressing
HLA-DR1 molecules. Here as well, the magnitude of the processing and presenting defect was
very similar to the defect seen in the presentation of exogenous Antigen 85 peptide to T
hybridoma cells (Table 2; of all the different concentrations of antigen used in the T cell assay,
only the concentration of antigen that gave close to a 1/2 maximal response is shown in Table
2). At Antigen 85 concentrations of 0.3, 1 and 3μg/ml, neonatal monocytes generated 79 % (p
= 0.009), 70 % (p = 0.006) and 72 % (p = 0.002) less IL-2 respectively than adult monocytes.
At Antigen 85 peptide concentration of 0.4, 1.3 and 4 μg/ml, neonatal monocytes generated
83 % (p = 0.002), 73 % (p = 0.002) and 70 % (p = 0.003) less IL-2 respectively than adult
monocytes. These observations confirmed that the neonatal monocytes are selectively and
significantly defective in antigen presentation to T cells.

While the majority of our cord blood samples were from newborns born by vaginal delivery,
a few of the cord blood samples analyzed were from newborns delivered by C-section (Table
2). Although our sample size from newborns delivered by C-section is limited, the mode of
delivery appears to have little impact on the magnitude of the defect.

Secretion of soluble factor(s) by neonatal monocytes could result in decreased T cell hybridoma
responses in both the antigen processing and presentation assay as well as the antigen
presentation assay. Therefore, the ability of fixed neonatal monocytes, that are incapable of
secreting soluble factor(s), to present peptide:MHC-II complexes to T hybridoma cells was
analyzed (Fig. 4). HLA-DR1 or HLA-DR3 neonatal and adult monocyte pairs were incubated
with reverse transcriptase or Antigen 85 respectively for 24 h to allow for cell surface
expression of peptide:MHC-II molecules. Cells were washed to remove all soluble factors in
the supernatant and then fixed with paraformaldehyde to prevent secretion of any additional
factors. Fixed monocytes were incubated with the corresponding T hybridoma cells for 24 h
and supernatants were analyzed for IL-2 by ELISA. The fixed neonatal monocytes continued
to be defective in antigen processing and presentation with no decrease in the magnitude of
the defect. Thus, neonatal monocytes do not secrete soluble factors that inhibit T cell hybridoma
responses.

The MHC-II antigen presentation defect in neonatal monocytes is not correlated with
decreased surface MHC-II expression

Reduced surface MHC-II expression may result in decreased processing and presentation of
intact protein antigen as well as reduced presentation of exogenous peptide. We initially tried
to assess surface HLA-DR expression in neonatal and adult monocytes that had previously
been analyzed in the T cell assay (Table 2) by using allele-specific antibodies. However, due
to the low sensitivity of these antibodies, it was impossible to obtain consistent signal across
a large number of donors of varying MHC-II expression. We therefore used the monoclonal
antibody L243 to stain for surface HLA-DR. Although humans express many genetically
distinct MHC-II molecules (HLA-DR, HLA-DP and HLA-DQ), L243 is specific for HLA-DR
(44) and recognizes the two predominantly expressed HLA-DR heterodimers on the cell
surface. Since the two HLA-DR heterodimers are expressed at equivalent levels, we conclude
that L243 staining reflects the expression levels of either of the two HLA-DR heterodimers.

Mean channel fluorescence of surface MHC-II in adult monocytes ranged from 50 – 278 with
an average of 140, whereas the mean channel fluorescence of surface MHC-II in neonatal
monocytes ranged from 34–176 with an average of 87 (Table 3). The mean channel
fluorescence of surface MHC-II was significantly lower (37.4 %) when comparing all neonatal
monocytes to adult monocytes (Mann-Whitney U test; p = 0.008, Table 3).

We next analyzed whether decreased HLA-DR expression in neonatal monocytes correlated
with reduced T cell responses (Fig. 5). Since the hybridomas differ in the magnitude of their
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responses (IL-2 generation), separate analysis of HLA-DR3 donors and HLA-DR1 donors was
performed.

Among HLA-DR3 monocytes (n = 14) there was a statistical difference in MHC-II levels
between adult and neonatal monocytes (Mann Whitney U test; χ2 = 4.45, p = 0.035, Table 3).
HLA-DR3 adult and neonatal monocytes also differed with regard to IL-2 generation (Figure
3, Table 2). Analysis of MHC-II levels versus log-transformed IL-2 levels (evaluated for all
Antigen 85 peptide and Antigen 85 protein concentrations shown in Figure 3) demonstrated
approximately normal distributions when plotted graphically. Pearson correlations were used
to assess the relationship between these variables among adults and neonates. IL-2 generation
was independent of MHC-II expression in both adult and neonatal monocytes (all p>0.05). A
linear regression was performed to evaluate the difference in IL-2 response between adult and
neonatal monocytes while controlling for the level of MHC-II expression. There was no
significant correlation between MHC-II expression and IL-2 generation at any Antigen 85
peptide or Antigen 85 protein concentrations (e.g. at Antigen 85 peptide concentration of 1.3
μg/ml which gives close to the 1/2 maximal response in adults, p = 0.463), even when
controlling for sample type (adult or neonate, Fig. 5). The level of IL-2 generation at all Antigen
85 peptide and Antigen 85 protein concentrations was significantly lower among neonatal
monocytes than adult monocytes even when controlling for MHC-II expression (e.g. at Antigen
85 peptide concentration of 1.3 μg/ml, p = 0.0013).

Among HLA-DR1 positive monocytes (n = 16) there was no statistical difference in MHC-II
levels between adult and neonatal monocytes (Mann-Whitney U test; χ2 = 1.726, p = 0.189,
Table 3). Although, HLA-DR1 adult and neonatal monocytes did differ with regard to IL-2
generation (Figure 2, Table 2), no significant correlation was observed between MHC-II
expression and IL-2 generation at any reverse transcriptase peptide or reverse transcriptase
protein concentrations (e.g. at reverse transcriptase peptide concentration of 0.2 μg/ml which
gives close to the 1/2 maximal response in adults, p = 0.559), even when controlling for sample
type (adult or neonate, Fig. 5). Here as well the level of IL-2 generation at all reverse
transcriptase peptide and reverse transcriptase protein concentrations was significantly lower
among neonatal monocytes than adult monocytes even when controlling for MHC-II
expression (e.g. at reverse transcriptase peptide concentration of 0.2 μg/ml, p = 0.008).

In conclusion, we have demonstrated that neonatal monocytes are selectively defective in
antigen presentation as opposed to intracellular antigen processing. Although neonatal
monocytes have decreased surface MHC-II levels, this decrease is not statistically correlated
with the antigen presentation defect indicating significant contribution by other mechanisms
that affect antigen presentation (e.g. cell adhesion, immunological synapse formation etc).
Defects in antigen presentation may contribute to dampened CD4+ TH1 responses and
susceptibility to infection observed during early neonatal life.

Discussion
The susceptibility of neonates to infection has often been ascribed to diminished CD4+ TH1
responses. The contribution of neonatal APCs to this defect remains unclear. MHC-II mediated
antigen processing and presentation function in human neonatal APCs has been described as
equivalent (25,33,34), decreased (24,32,35) or increased (36–39) when compared to that of
adult APCs. This lack of consistent results may partly arise from the use of either adult or
neonatal CD4+ T cells that are functionally different or from the analysis of dendritic cells of
varying functional maturity. Most of the studies analyzing MHC-II antigen processing and
presentation function in neonatal APCs have utilized mixed lymphocyte reactions. While
mixed lymphocyte reactions may provide a general assessment of antigen processing and
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presentation function, they are not a suitable system for identifying specific processing or
presentation defects.

For our analysis of MHC-II antigen processing and presentation function in neonatal APCs we
have used antigen-specific, HLA-DR-restricted murine T hybridoma cells that have previously
been used for detecting antigen processing defects in human APCs (41). This has allowed us
to eliminate the use of allogeneic T cells derived from either cord or adult blood that may be
functionally different. T cell hybridomas have provided us with several advantages. They can
be grown indefinitely and are easy to maintain (unlike human T cell lines and clones). Freshly
thawed cells can be used on the day of the experiment and this approach has helped eliminate
variations in response that arise when using cells growing in culture. These T hybridoma cells
are also CD80/CD86 and CD40-independent and are therefore ideal for independently
analyzing antigen processing defects as well as specific antigen presentation defects in addition
to correlating T cell responses to MHC-II levels.

Our studies of MHC-II antigen processing and presentation in neonatal monocytes have clearly
demonstrated that neonatal monocytes generate reduced T cell activation. This defect was
identified as an antigen presentation defect as opposed to an intracellular antigen processing
defect. This defect was observed in several HLA-DR alleles and with different antigens,
implying that it is a general antigen presentation defect that is not specific to a particular HLA-
DR allele or antigen. The monocytes used in our assays were “untouched” and not activated
prior to or during incubation with antigen (antigen preparations contained no detectable LPS).
However, activated neonatal monocytes are also likely to be deficient at MHC-II antigen
processing and presentation, since neonatal monocytes are less capable of LPS induced
increases in HLA-DR expression than adult monocytes (30).

Studies in neonatal B cells have demonstrated that a surprising majority of MHC-II are
“empty”, that is, devoid of detectable peptide in the binding groove (34). The authors suggested
that neonatal B cells maybe defective in antigen processing, peptide loading or both.
Surprisingly, the ability of these neonatal B cells to elicit a mixed lymphocyte reaction was
similar to that of adult B cells. Whether any MHC-II molecules on neonatal monocytes are
“empty” remains undermined. As speculated by Garban et al, the presence of “empty” MHC-
II molecules suggests an antigen processing or peptide loading defect. This defect should
potentially be overcome by incubating APCs with exogenous peptides, which bind surface
MHC-II and by-pass the requirements for processing. Since neonatal monocytes incubated
with exogenous peptides continue to be defective in presentation, we postulate that the
contribution of any “empty” MHC-II molecules to the antigen presentation defect in neonatal
monocytes is minimal. Alternatively, HLA-DR molecules in neonatal monocytes may be
loaded with peptides (e.g. CLIP) that are difficult to displace with exogenous peptides. Reduced
HLA-DM expression in neonatal monocytes may help generate HLA-DR molecules loaded
with CLIP.

Surface MHC-II expression in neonatal APCs has been extensively analyzed by several
investigators. A few studies found increased (19) or equivalent (20,21) MHC-II expression on
neonatal APCs (compared to adult APCs), while a majority of studies found decreased MHC-
II expression on neonatal APCs (22–32). In agreement with many of the published findings,
we also observed decreased surface MHC-II expression on our neonatal monocytes. Reduced
MHC-II expression is thought to negatively impact both processing and presentation of intact
protein antigen and presentation of exogenous peptide that directly bind surface MHC-II
molecules. Therefore, the majority of studies have speculated that decreased MHC-II
expression in neonatal APCs leads to reduced antigen processing and presentation function.
However, none of these studies have tried to actually correlate reduced MHC-II levels in
neonatal APCs to an antigen presentation defect. In the current work, we have analyzed
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correlation between decreased MHC-II levels in neonatal APCs and the antigen presentation
defect for the first time. Contrary to the general assumption that decreased MHC-II levels
contribute directly to decreased MHC-II antigen processing and presentation, we have found
no significant correlation between MHC-II expression and IL-2 generation in either neonatal
or adult monocytes. In addition, the level of IL-2 generation was significantly lower among
neonatal monocytes than adult monocytes even when controlling for MHC-II expression.
These results suggest that although MHC-II is required for the response, decreased or increased
surface MHC-II expression cannot automatically be correlated to decreased or increased T cell
hybridoma responses. We can conclude that other components that govern APC-T cell
hybridoma interaction maybe defective in neonatal monocytes and contribute more
significantly to the antigen presentation defect. These may include among others poor neonatal
monocyte-T cell adhesion or altered/defective formation of the immunological synapse leading
to reduced T cell hybridoma responses.

In conclusion, we have clearly demonstrated that neonatal monocytes are selectively defective
in MHC-II antigen presentation. We also demonstrate for the first time that mechanisms other
than decreased MHC-II expression contribute to the MHC-II antigen presentation defect in
neonatal APCs. Defects in MHC-II antigen presentation may contribute to neonatal immune
deficiency.
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Abbreviations
MHC-II  

class II MHC

NM  
neonatal monocytes

AM  
adult monocytes

MCF  
mean channel fluorescence

APC  
antigen presenting cell

PBMC  
peripheral blood mononuclear cell
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Figure 1. Neonatal monocytes isolated from fresh cord blood are deficient at MHC-II antigen
processing and presentation
Negatively selected monocytes isolated from fresh HLA-matched cord and adult blood was
incubated for 24 h with antigen and appropriate HLA-restricted T hybridoma cells.
Supernatants were assessed for IL-2 content by a CTLL-2 proliferation assay that was
monitored with Alamar blue, an indicator dye. A & B) HLA-DR1 (allele DRB1*0101) neonatal
and adult monocytes incubated with tetanus toxoid and ITIA T hybridoma cells. C) HLA-DR4
(allele DRB1*0401) neonatal and adult monocytes incubated with tetanus toxoid and ITC T
hybridoma cells. Data points are means of triplicate samples +/− S.D.

Canaday et al. Page 13

Cell Immunol. Author manuscript; available in PMC 2007 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. HLA-DR1 neonatal monocytes isolated from frozen PBMCs are deficient at MHC-II
antigen processing and presentation of protein antigen and presentation of exogenous peptide
Negatively selected monocytes isolated from 16 frozen HLA-DR1 PBMCs (8 from cord blood,
8 from adult blood) were incubated for 24 h with A) reverse transcriptase and IACD5 T
hybridoma cells, B) reverse transcriptase peptide(350–365) and IACD5 T hybridoma cells and
C) tetanus toxoid and ITIA T hybridoma cells. Supernatants were assessed for IL-2 content by
IL-2 ELISA. Neonatal monocytes are represented by dashed lines while adult monocytes are
represented by intact lines. Data points are means of triplicate samples +/− S.D.

Canaday et al. Page 14

Cell Immunol. Author manuscript; available in PMC 2007 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. HLA-DR3 neonatal monocytes are also deficient at MHC-II antigen presentation
Negatively selected monocytes isolated from 14 frozen HLA-DR3 PBMCs (7 from cord blood,
7 from adult blood) were incubated for 24 h with A) Antigen 85 and A3 T hybridoma cells and
B) Antigen 85 peptide(53–67) and A3 T hybridoma cells. Supernatants were assessed for IL-2
content by IL-2 ELISA. Neonatal monocytes are represented by dashed lines while adult
monocytes are represented by intact lines. Data points are means of triplicate samples +/− S.D.
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Figure 4. Fixed neonatal monocytes are also defective in MHC-II antigen presentation
Negatively-selected monocytes isolated from HLA-DR1 or HLA-DR3 cord or adult blood-
derived PBMCs were incubated for 24 h with reverse transcriptase and antigen 85 respectively.
Cells were washed, fixed in 1% paraformaldehyde (to prevent secretion of any soluble factors)
and then incubated for an additional 24 h with A) IACD5 T hybridoma cells or B) A3 T
hybridoma cells. Supernatants were assessed for IL-2 content by IL-2 ELISA. Data points are
means of triplicate samples +/− S.D.
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Figure 5. Surface MHC-II levels do not correlate with MHC-II antigen presentation defect
Mean channel fluorescence of surface MHC-II levels on adult and neonatal monocytes (from
Table 3) plotted against concentration of IL-2 in supernatants from T cell assays (from Table
2).
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Table 1
Characterization of T cell hybridomas

Hybridoma MHC Restriction Antigen Specificity Epitope CDBO/
CD86 dependence

CD40 dependence

ITIA HLA-DR1 Tetanus Toxoid ND Independent Independent
1ACD5 HLA-DR1 HIV-

Reverse Transcriptase
aa350-364 Independent Independent

A3 HLA-DR3 Antigen 85 of
Mycobacterium

tuberculosis

aa53-67 Independent Independent

ITC HLA-DR4 Tetanus Toxoid ND ND ND
ND: Not determined
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Table 3
Surface MHC-II levels in neonatal and adult monocytes

Adult Monocytes HLA-DR1 MHC-II (MCF)** Neonatal Monocytes HLA-DR1 MHC-II (MCF)**

AM1 132 NM24 151
AM14 79 NM25 76
AM19 194 NM32 37
AM21 94 NM39 80
AM22 140 NM80 92
AM23* 126 NM81 176
AM24 135 NM93 132
AM34 148 NM97 58

Average 131 Average 100
% Difference P value 24% ↓ 0.189

HLA-DR3 HLA-DR3
AM2 278 NM33 56

AM23* 126 NM50 71
AM54 50 NM52 97
AM58 156 NM56 131
AM62 192 NM60 49
AMG7 135 NM83 66
AM70 96 NM90 34

Average 148 Average 72
% Difference P value 51 % ↓ 0.035

All adult monocytes (HLA-DR1 +
HLA-DR3)

All neonatal monocytes (HLA-DR1 + HLA-
DR3)

Average 140 Average 87
% Difference P value 37.9% ↓ 0.003

*
AM23 expresses both HLA-DR1 and HLA-DR3

**
MCF = Mean Channel Fluorescence
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