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Summary

Classic models suggest maternal tolerance is dependent on regulation of
fetal antigen-specific T cell responses. We hypothesize that factors unique
to a particular fetal antigen-specific T cell, rather than the state of preg-
nancy per se, are important determinants of T cell fate during pregnancy.
To investigate the fate of fetal antigen-specific CD4 T cells in the systemic
circulation, we examined spleen cells in a CD4 T cell receptor transgenic
mouse specific for the male antigen H-Y. We observed a transient
decrease in CD4" V6" cell numbers and, due to transient internalization
of CD4, an increase in CD4~ VB6* T cells. Antigen-specific in vitro
responsiveness was not depressed by pregnancy. These data suggest that
pregnancy supports fluidity in this particular CD4 T cell pool that may,
in turn, help to meet competing requirements of maternal immune
responsiveness and fetal tolerance.

Keywords: CD4; lymphoid tissues; mouse; pregnancy; proliferation; T cell

Senior author: Elizabeth A. Bonney receptor

Introduction

According to classic models the maternal immune system
should respond to the fetus because it expresses non-self
proteins, and therefore mechanisms must exist to limit or
suppress maternal immune function. Recently there has
been less emphasis on global suppression, and more focus
on the specific regulation of immune responses towards
fetal antigen. In particular, recent studies of maternal T
cells have identified possible regulatory mechanisms that
may be activated by or enhanced during pregnancy.'™
However, there exists evidence that the maternal immune
system can and does respond to fetal antigen,” although
there may be decreased immunologically relevant contact
with fetal antigen®” and to pathogens existing within the
placenta.® This apparent inconsistency extends to specific
T cell subsets. Some studies suggest that fetal antigen-spe-
cific CD8 T cells in the maternal circulation can be
primed by pregnancy in both mice’ and humans.” Other
studies suggest that these cells are deleted’ or rendered
tolerant.'” We hypothesize that a broad range of responses
to fetal antigen is possible, which are driven by several
factors including the level or form of the inciting fetal
antigen, the strength of signal through the relevant T cell
receptor (TCR) and the presence of growth or co-stimula-
tory factors. The presence of maternal antibody to major

histocompatibility complex (MHC) suggests that CD4 T
cells can participate in anti-fetal responses,'’ and this has
recently been extended to a very small number of studies
using T cell receptor transgenic mice against model anti-
gens expressed on seminal fluid"or fetal tissue.” However,
we are unaware of any studies examining the fine regula-
tion of fetal antigen-specific CD4 T cells during preg-
nancy. In this study we have examined spleen CD4 T cells
of both normal mice and a unique CD4 T cell receptor
transgenic mouse'> specific for the male antigen H-Y,
which is expressed as early as the blastocyst stage of devel-
opment.'*"> We found that during pregnancy, these
transgenic CD4 T cells become activated and proliferate
in response to specific antigen and also transiently modu-
late the expression of the CD4 co-receptor. These data
suggest that during pregnancy this particular T cell pool
is dynamic and further suggests a mechanism of fine regu-
lation that helps to maintain the coexistence between fetal
tolerance and systemic maternal T cell responsiveness.

Materials and methods

Mice and breeding

CD4 anti-H-Y C57BL/10 RAG-2 KO transgenic mice'’
[Marilyn, V6 from Polly Matzinger and Olivier Lantz,
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National Institutes of Health (NIH), and maintained
as an independent strain by E.B.] and normal,
non-transgenic C57BL/6 mice were housed under specific
pathogen-free and Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC)-
approved housing conditions. The animal use protocols
were approved by the Institutional Animal Care and Use
Committee (IACUC) at Emory University and the Uni-
versity of Vermont. Timed mating was performed as
described previously.” Three days prior to mating, single
female mice were transferred into vacant male cages to
stimulate oestrous cycling. For timed pregnancies male
mice were introduced in the evening, and the next morn-
ing female mice were checked visually for the presence of
a copulation plug, which was denoted day 0 of pregnancy.
Male mice were then removed and plugged female mice
were housed in groups of three or four throughout gesta-
tion. Mice were euthanized by carbon dioxide treatment
followed by cervical dislocation on days 8, 10, 12, 14, 16
and 18 of pregnancy. Multiparous mice, having at least
two litters, were also studied.

Isolation of lymphoid cells

Single-cell suspensions were generated from spleen using
‘Ghost special’ medium [Iscove’s modified Dulbecco’s
medium (IMDM), without bicarbonate, with 1% fetal
bovine serum (FBS) both from Gibco, Carlsbad, CA] and
nylon mesh.

Flow cytometry

Cells obtained from all tissues were counted carefully.
Approximately 100 000 or 1 million cells from each of the
tissues were placed in individual wells of a 96-well plate or
into flow cytometry tubes. Cells were incubated in a 1:50
dilution of 2-4G2 (BD Biosciences, San Jose, CA) in order to
block non-specific antibody staining due to Fc receptors.
Specific antibodies to the molecules mentioned below were
then added. After 30 min, cells were washed in phosphate-
buffered saline (PBS) 0-1% bovine serum albumin (BSA)
and then analysed by flow cytometry. Antibodies used under
saturating conditions in these studies included CD4 (clone
GK1-5) conjugated to fluorescein isothiocyanate (FITC), all-
ophycocyanrin (APC) (BD Pharmingen, San Diego, CA) or
phycoerythrin (PE)-Texas Red (Invitrogen, Carlsbad, CA);
V6 PE (RR4-7, BD), pan TCR-f APC (clone H57, BD),
CD69 (H1.SF3 BD), CD44 (IM7 BD), natural killer (NK)1-1
(PK 136, BD), CD25 (7D4, BD), Thyl-2APC (53-2-1, BD),
CD8 PE (53-6-7, BD), Terl19 biotin (BD) plus avidin PE
cy5 (BD), GR-1 PE (RB6 8C5, BD) or CDI1b FITC
(RM2801; Caltag Invitrogen, Grand Island, NY).

The samples were then run on an LSR II (BD). Analysis
of flow cytometric data was performed using FLowjo soft-
ware (TreeStar, Ashland, OR).

CD4 regulation in pregnancy

Fluorescence activated cell sorting (FACS) and reverse
transcription—polymerase chain reaction (RT-PCR)
of sorted cells

To isolate CD4" VB6" and CD4~ V6" cells, spleens from
day 12 pregnant mice and unmated controls were har-
vested under sterile conditions and single-cell suspensions
were generated in IMDM medium containing 10% FBS
(Invitrogen Corporation, Carlsbad, CA). After blocking
non-specific binding by treatment with 0-5 um FyIII/II
receptor (2-4G2) (BD Biosciences), cells were stained with
antibodies to CD4 and Vf6 for 30 min. After washing
with PBS-0-1% BSA, 30 million cells were re-suspended
in IMDM medium without serum. The 100 pum tip of the
BD FACSAria cell sorter (BD Biosciences) was used for
sorting. Nucleated cells were selected by forward- and
side-scatter gating, and aggregates were eliminated by
doublet discrimination. Double-positive (CD4" V6")
and single-positive (CD4~ VB6") cells were isolated at
> 90% purity. Total RNA was extracted from at least
50 000 cells using Trizol reagent (Invitrogen), as per the
manufacturer’s guidelines. Samples were quantified by
ultraviolet (UV) absorbance at 260 nm on a NanoDrop
spectrophotometer (ThermoScientific, Wilmington, DE)
and RNA integrity was tested using the Agilent Bioanalyz-
er (Agilent Technologies, Santa Clara, CA).

The iScript ¢cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA) was used to synthesize cDNA from 250 ng
of RNA template using a mix of random hexamers and
oligo-dTs. From each sample, cDNA was used to amplify
the following target genes: Cd4 (forward 5-AAG GGG
CAT GGG AGA AAG GAT-3/, reverse 5'-CGG ACT GAA
GGT CAC TTT GAA CAC-3'); Cd247 (forward 5-CCAG
GGAAGCAGAAGATGAAGTG-3/, reverse 5'-GGCTGTGA
TGATGACTCCGTAGAT-3"); Runxl (forward 5-CGGAG
CGGTAGAGGCAAGAG-3/, reverse 5'-TACTGGTAGGAC
TGGTCATAGG-3') and also the housekeeping gene tyro-
sine 3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein, zeta polypeptide (Ywhaz, forward 5'-GC
AACGATGTACTTGCTCTTTTGG-3', reverse 5'-GTCCAC
AATTCCTTTCTTGTCA TC-3'). Each reaction used 1 pl
of cDNA, 150 nm of the forward and reverse primers and
12-5 pl of Power Sybrgreen Master Mix (Applied Biosys-
tems, Carlsbad, CA) in a 25 pl reaction. The reactions
were performed on an ABI Prism 7000 (Applied Biosys-
tems) using an initial denaturation of 10 min at 95°, 40
cycles of 15 seconds at 95° and 60 seconds at 60°, fol-
lowed by a melt curve analysis to ensure that only the
correct product was amplified.

Standard curves were generated for all the target genes
as well as the housekeeping genes using a single sample,
which was serially diluted over the working range of the
assay. The relative quantities of each sample were deter-
mined using these standard curves. Relative target mRNA
values were normalized by dividing the target quantity by
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the geometric mean of the quantities of the housekeeping
gene. Each sample was run in triplicate and averaged.
Negative water controls were run for each primer set in
the real-time PCR reaction. In each primer set at least
one primer was designed over an exon—exon junction.

In vitro re-expression studies

From each sorted population, 100-500 000 cells were
placed in IMDM with 10% fetal calf serum (FCS),
100 units/ml penicillin, 100 mg/ml streptomycin (Bio-
Whittaker, Walkersville MD) and 2 mw L-glutamine (Bio-
Whittaker), 0-05 mm ff-mercaptoethanol (Sigma, St Louis,
MO) and 0-05 mg/ml Gentamicin (Invitrogen). The cells
were washed 36 hr later and stained with antibodies to
CD4 and V6. Live cells falling in the lymphocyte by for-
ward- and side-scatter gating were then examined by flow
cytometry as above.

Immunofluoresence

Sorted populations of cells were placed on glass slides,
air-dried then either stored at —80° or fixed using 4%
formaldehyde for 15 min. Slides were washed with PBS
and cells were permeabilized with 0-1% Triton X-100 (JT
Baker, Phillipsburg, NJ) for 10 min. The slides were
washed again and incubated with 10% normal goat serum
(Sigma-Aldrich) for 1-3 hr. Further blocking was per-
formed with blocking solutions 1A and 1B (Histo-
mouse™-SP kit Zymed, San Francisco, CA) according to
the manufacturer’s instructions. Slides were then incu-
bated for 30 min with 1:500 CD4-Texas Red (clone RM4-
5; Caltag) or rat IgG2a Texas Red (Caltag) as a control.
In other experiments, the slides were blocked only with
normal goat serum and then incubated with an antibody
to CD3 (1:10 17A2; BD Biosciences or PBS alone as a
control) for 1 hr followed by Alexa 488 goat anti-rat
(Invitrogen 1:400) for 1 hr. After staining, the slides were
mounted with Aqua Mount (Polysciences Inc., Warring-
ton, PA) and examined under an Olympus BX50 Light
Microscope (Olympus, Center Valley, PA) with an
Optronics MagnaFire digital camera (Goleta, CA).

Proliferation assays

Isolated whole spleen cells from responder pregnant or
non-pregnant mice were placed on Histopaque-1077
(Sigma) and the lymphocyte layer was removed and
washed in sterile PBS. Cells were examined by flow cytom-
etry and placed in 96-well plates with 200 pl 5% IMDM
supplemented with f-mercaptoethanol, 1-glutamine, gen-
tamycin, penicillin and streptomycin as above and mito-
mycin C 50 pg/ml, 1 X 10° cells (Sigma-Aldrich, St Louis,
MO). Whole spleen cells from normal C57BL/10 male or
female mice were used as stimulators at an effector:stimu-

lator ratio of 1:5. These cultures were incubated for 36 hr,
and during the final 12 hr of culture [*H]thymidine was
added to a final concentration of 5 pCi/ml. The plates
were harvested and incorporation of [*H]thymidine was
used as a marker for proliferation. Responder-specific pro-
liferation was calculated as the ratio of proliferation to
male versus female cells. Comparisons of response from
non-pregnant to pregnant mice were performed after nor-
malization to the percentage of CD4" V6" cells in the
input culture as determined by flow cytometry.

Statistical considerations

Analysis of cross-sectional data from two or more groups
of pregnant and or non-pregnant mice was performed by
using the Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, with significance set at P < 0-05. Iso-
lated analyses used the Mann—Whitney U-test. Data
herein are reported as individual values, means with stan-
dard error of the mean or as medians with a range, as
noted in the figure legends.

Results

CD4 T cells in normal mice

We have observed that the spleen supports the prolifera-
tion of several cell types during pregnancy,'® including
CD8 T cells in both normal and H-Y-specific CD8 TCR
transgenic mice.'” In this examination, we first analysed
CD4 T cells in the spleens and uterine draining lymph
nodes of normal C57BL/6 females mated to same-strain
males. We found that the proportion of CD4 T cells
decreases at mid-gestation, due probably to the expansion
of non-lymphoid cells expressing an erythroid lineage
marker.'® However, the proportion of CD4 T cells in the
uterine draining nodes was not altered in normal preg-
nancy. To characterize further the population of CD4 T
cells in these tissues, we examined the expression of the
activation markers CD25 and CD44. Figure 1(a) contains
representative flow cytometry analysis. In the spleen, the
proportion of CD4 T cells expressing CD25 and a low
level of CD44 remained stable throughout gestation
(Fig. 1b). Pregnancy supported a transient increase in the
proportion of CD25-expressing CD4 T cells bearing inter-
mediate levels of CD44. As pregnancy progressed, the
proportion of CD4 T cells that were CD25-negative but
expressed high levels of CD44 increased in the spleen,
which may be consistent with a memory phenotype. By
contrast, in the uterine draining nodes, the proportion of
CD25-positive CD4 T cells increased only transiently in
early-mid-gestation, regardless of CD44 level. This is con-
sistent with previous studies.” In the uterine draining
nodes, the proportion of CD4 T cells expressing high lev-
els of CD44 did not change during pregnancy.
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Figure 1. Analysis of CD4 T cells during pregnancy in normal mice. C57BL/6 females were either left naive or mated with same-strain males and
euthanized on various days of pregnancy to harvest, analyse and enumerate CD4" T cells. (a) Example of flow cytometric analysis. Pink quadrant:
CD25" CD44"°". Blue quadrant: CD44 intermediate CD25". Yellow quadrant: CD44™¢" CD25™. (b) Comparison of spleen and uterine draining
node CD4" T cells. Upper panels: spleen. Lower panels: uterine draining nodes. y-Axis: percentage of CD4" T cell receptor f# (TCR-B)" cells;
x-axis: gestational age where ‘um’ denotes unmated mice. Pink bars: percentage of cells falling in pink quadrant by flow cytometry. Blue bars:
percentage of cells falling in the blue quadrant. Yellow bars: percentage of cells falling in the yellow quadrant. Each bar represents the mean
(+ standard error of the mean) of at least five mice. Analysis of the data was performed by Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test. Asterisk: P < 0-05. (c) Enumeration of cells in the spleen. y-Axis: number of cells; x-axis: gestational age; ‘um’ denotes unmated
mice. Each symbol represents one mouse. Left: CD4™ TCR-f * cells. Right: CD4* TCR™ CD44"" CD25™ cells. Analysis of the data was per-

formed by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Asterisk: P < 0-05.

The total number of CD4 T cells in the spleens of preg-
nant animals was not significantly different from those
observed in non-pregnant mice (Fig. 1c). However, in late
gestation there was a significant but transient increase in
the number of activated (CD44"8" CD25'°%) CD4 T cells
present during the later third of gestation. These data
suggested that pregnancy results in the transient activa-
tion of a subset of CD4 T cells, while the overall size of
the CD4 T cell pool is maintained.

Presence and function of CD4 T cells in H-Y-specific
TCR transgenic mice

There are several possible explanations for the observed
maintenance of total cell numbers associated with an
increase in cells bearing an activated phenotype. These
include incomplete activation, rapid activation and prolif-

eration balanced by death, or other subtle regulation of
the CD4 T cell pool. To enhance our ability to detect
pregnancy-related fluctuations in a particular T cell popu-
lation, we studied CD4 T cells in a TCR transgenic mouse
specific for the male minor histocompatibility antigen
H-Y. These mice were bred onto a recombinase 2-defi-
cient background (RAG2KO), so that all the T cells pres-
ent in these mice are H-Y-specific. H-Y is an antigen
expressed by male embryos as early as the blastocyst
stage.” During pregnancy, CD4 T cells in this system
would be expected to respond to both non-specific envi-
ronmental cues (proteins, hormones, etc.) as well as H-Y
antigen emanating from male offspring and presented by
maternal antigen-presenting cells.

CD4 anti-H-Y TCR transgenic mice were mated and
their spleens were harvested on multiple days of gestation
and compared to age-matched unmated controls. Spleen
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Figure 2. Transient loss of CD4" V6™ spleen T cells during pregnancy in the spleen of CD4 anti H-Y transgenic mice. (a) Example of flow cyto-

metric analysis. Spleen cells from a never mated (left panel), day 12 pregnant (middle panel) and a post-partum (right panel) mouse were analy-

sed using antibodies to CD4 (y-axis) and V6 (x-axis). (b) Comparison of spleen and uterine draining lymph node. Spleen (left panel, n = 5-8

mice each time-point) and uterine draining lymph nodes (right panel, n = 5-8 mice each time-point) were harvested from pregnant and

unmated mice and analysed as in (a). y-Axis: percentage of lymphocytes positive for CD4 and Vf36; x-axis: time of assay, where ‘um’ refers to

unmated mice and ‘post-partum’ refers to mice < 2 weeks from birth of a litter. Asterisk: P < 0-05.

T cells were analysed by flow cytometry after incubation
with antibodies specific for CD4 and the relevant TCR,
V6. The proportion of maternal CD4" V6" T cells in
the spleen decreased significantly during pregnancy, but
this population recovered by 1 week post-partum (Fig. 2).
In contrast, the proportion of CD4" V6" T cells in the
uterine draining nodes was relatively constant throughout
gestation.

We hypothesized that the proportional decrease in sple-
nic CD4" V6" T cells was probably related to an expan-
sion of non-T cells, as was observed in normal mice.
Therefore, we examined the number of CD4" V6" cells,
taking into account the increase in overall cell numbers
in the spleen during pregnancy. On days 8-10 of gesta-
tion, the number of CD4" V6" T cells in the spleen was
not statistically different from the number found in
unmated mice (Fig. 3a). However, at gestational age 12
the number of T cells dropped significantly and contin-
ued to decrease by day 14. By 4-7 days post-delivery, the
number of CD4" VB6" spleen T cells returned to baseline.
Moreover, the number of these T cells in the spleens of
multiparous females was generally higher than that found
in unmated mice.

To investigate the observed changes in the CD4" V6"
T cell population in the spleen at mid-gestation, we first
examined the expression of CD4 and the zeta chain of
the TCR complex, both of which have been implicated in
T cell signalling. CD4" V6™ cells were isolated by flow-
sorting from spleens of three mid-gestation pregnant mice
and three unmated controls, and RNA expression in these

274

cells was analysed by RT-PCR. We observed that
CD4" VB6" T cells from mid-gestation pregnant spleen
expressed similar levels of CD4 and the zeta chain com-
pared to cells of the same phenotype isolated from the
spleens of unmated controls (Fig. 3b).

In the next experiments, the antigen-specific respon-
siveness of spleen CD4" VB6' T cells was determined
using an in vitro proliferation assay. Responder spleen
cells from pregnant or unmated TCR transgenic females
were cultured with stimulator spleen cells from normal
C57BL/6 male or female mice (as control). H-Y-specific
responsiveness of CD4" VB6" T cells was determined by
calculating the ratio of proliferation against male versus
female stimulator cells and normalized to the percentage
of CD4" VB6" T cells input in the culture (Fig. 3c). On
days 8-10 of gestation, male-specific proliferation in preg-
nant samples was similar to unmated mice. On days 12—
16 of gestation there was a non-significant trend towards
increased H-Y-specific responsiveness in pregnant mice.
Using this measure, pregnancy permitted functionality in
this specific T cell pool.

Specificity of response in normal mice

The H-Y TCR transgenic mice used in these studies pres-
ent a unique situation, in that all the T cells they contain
are of the same specificity. To examine the behaviour of
CD4 anti H-Y cells in a more normal environment, these
cells were transferred into normal mice to generate chi-
meras well before pregnancy (Fig. 4a). Non-transgenic
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C57BL/6 female mice bearing both the CD45.1 and
CD45.2 alleles (‘host’, CD45.2 x CD45.1) were injected
with donor cells from CD4 anti-H-Y TCR transgenic mice
(CD45.2). These chimeric mice were mated, and on day
12 of gestation the spleens were harvested and compared
to naive unmated controls. Examination of the spleen
cells present in either the unmated or pregnant mice
revealed cells of both host and donor (anti H-Y) origin
(Fig. 4b). However, there was a trend towards (P = 0-06)
a decrease in the proportion of donor-derived H-Y-spe-
cific T cells expressing CD4 compared to non-transgenic
T cells (Fig. 4b,c). This suggested that the observed

CD4 regulation in pregnancy

Figure 3. The spleen of CD4 anti-H-Y transgenic mice retains
responsiveness despite transient decrease in numbers of CD4" V6"
spleen T cells during pregnancy. (a) Enumeration of CD4" V6"
spleen T cells. y-Axis: number of cells; x-axis: status; ‘um’ denotes
unmated mice. Each symbol represents one mouse. Asterisk denotes
a statistically significant (P < 0-05) difference compared to never-
mated mice after application of the Kruskal-Wallis test. (b) Relative
expression of T cell receptor zeta and CD4 in CD4" V6" CD4 H-Y
T cell receptor (TCR) transgenic spleen cells. CD4 H-Y TCR trans-
genic spleen cells from never mated (white bars, n = 3) and gesta-
tional age 12 (black bars, n = 3) were subjected to flow sorting, and
the CD4" V6" spleen cells (> ~95% purity) were used to extract
RNA which was then used to determine gene expression by quantita-
tive reverse transcription-polymerase chain reaction (qRT-PCR).
y-Axis: relative expression; x-axis: gene tested. Comparison of all
groups by Kruskal-Wallis test and Dunn’s post-test reveals P = 0-24.
(c) CD4 H-Y TCR transgenic CD4" VB6" T cells retain the ability to
respond to male cells. y-Axis: specific proliferation of 100 000 CD4
H-Y TCR transgenic spleen cells towards 500 000 male cells divided
by the proliferation towards the same number of female spleen cells
and by the percent of CD4" V6" cells in the input culture as deter-
mined by flow cytometry in two experiments. Bars: median values of
mice assayed. Numbers in brackets depict the range for the assay;
x-axis: gestational age and number of mice assayed.

decrease in CD4 expression seen during pregnancy in this
population of spleen T cells might be antigen-specific.

Down-regulation of CD4 in response to antigen or
pregnancy in H-Y-specific TCR transgenic mice

The observed decrease in the proportion of transgenic
CD4 T cells may reflect a transition in this population
from CD4" VB6" to CD4~ V6. To investigate this pos-
sibility, spleen cells from pregnant and unmated trans-
genic mice were examined for the presence of possible
intermediates. First, to determine if exposure to male
antigen decreased the surface expression of CD4 in
unmated H-Y-specific transgenic mice, these mice were
injected with 3 million male cells and 10 days later their
spleens examined by flow cytometry. Compared to unin-
jected mice, mice that received male cells had an
increased number of CD4~ VB6' cells in the spleen
(Fig. 5a). Although the number of male cells injected into
unmated mice in these experiments is probably higher
than the number found in the circulation of pregnant
animals, previous studies have suggested (for examples,
see >'®) maternal immunity is influenced by circulating
male fetal cells. To determine if pregnancy confers a simi-
lar change, H-Y TCR transgenic mice were mated and
euthanized on days 8-10 of gestation and their spleens
were analysed for the presence of CD4~ VB6" cells. The
number of these cells in the spleen was higher in pregnant
transgenic mice compared with non-pregnant controls
(Fig. 5b). To determine if the appearance of CD4~ VB6"
T cells was due to a decreased expression of CD4, the
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spleen cells (CD45.2 single-positive, cells presented as black circles) as neonates and allowed to mature to create stable chimeras. (2) Stable chi-
meras were mated with CD45.1" males (cells represented as white circles) or left naive. (3) At mid-gestation (day 10), pregnant mice were eutha-
nized and spleens were analysed for the percentage of host (CD45.2" CD45.1%, grey) or donor (anti H-Y, CD45.2 single-positive, black)
lymphocytes expressing CD4. (b) Example of flow cytometry. Spleen cells falling in the lymphocyte gate (not shown) were first analysed for the
presence of donor or host markers. These cells were analysed in turn for the surface expression of CD4. (1) Example of spleen from a pregnant
chimeric mouse with CD4 H-Y TCR transgenic cells present (~0-3%) and host cells (96%). A very small proportion of cells bearing only the
CD45.1 marker may be of fetal origin. (2) Comparison of CD4 expression in chimeric CD4 H-Y TCR transgenic or host cells. Dotted lines: histo-
grams from a never mated, non-pregnant mouse. Solid lines: histograms from a pregnant mouse. (c) Behaviour of chimeric CD4 anti-H-Y TCR
transgenic cells in normal mice. Data are representative of three pregnant and three non-pregnant chimeras. Black bars: anti-H-Y T cells. Grey
bars: host T cells. y-Axis: percentage of cell type (donor or host) lymphocytes that are CD4"; x-axis: pregnancy status. Data analysis was per-
formed using two-way analysis of variance (ANova), with P = 0-06.

RNA expression of the zeta chain of the TCR and CD4
was analysed by RT-PCR. The relative expression of the
TCR zeta chain (Fig. 5¢, top) was similar in CD4" V6"
(three pooled samples) and CD4~ VB6" (three pooled
samples) cells isolated by flow cytometry. There was a
non-significant trend towards decreased expression of
CD4 in VB6" cells that do not express CD4 on the cell
surface (Fig. 5¢, middle). However, this did not correlate
with increased expression of RunxI (Fig. 5c, lower), a
transcription factor thought to participate in transcrip-
tional down-regulation of CD4.'**°

One potential mechanism underlying the decreased sur-
face expression of CD4 may be transient internalization

of this molecule into the cytoplasm. To investigate this
possibility, spleen cells from pregnant transgenic mice
were flow-sorted based on their surface expression of
CD4 and V36, and analysed for intracellular CD4 protein
by immunohistochemistry. CD4 protein was found to be
present in both CD4" V6" and CD4~ Vp6* cells
(Fig. 6a). To examine this phenomenon further,
CD4" VB6" and CD4~ VB6" cells were placed into cul-
ture and after 36 hr CD4 expression was re-examined by
flow cytometry. Cells that were initially found to be sur-
face-negative for CD4 re-expressed CD4 after in vitro cul-
ture, while cells positive for CD4 retained surface
expression (Fig. 6b).
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Figure 5. Increase in the number of CD4~ V6" cells in the spleen of pregnant H-Y T cell receptor (TCR) transgenic mice. (a) CD4~ VB6" cells
in the spleen of non-pregnant mice injected with male cells. Never-mated female H-Y TCR transgenic mice were injected with male cells or not
given cells. Ten days later, the mice were euthanized and their spleens harvested and analysed by flow cytometry. y-Axis: numbers CD4~ V6" of
cells; x-axis: treatment. Asterisk: P < 0-05. (b) CD4~ V6" cells in the spleen of pregnant and non-pregnant mice. y-Axis: numbers of cells; x-axis:
pregnancy status. Asterisk: P < 0-05. (c) Analysis of spleen CD4" V6" (double-positive) and CD4~ V6" spleen cells in pregnant mice. Female
CD4 anti-H-Y TCR transgenic mice were mated and on day 12 of gestation they were euthanized and the spleens were harvested and subjected
to flow sorting as in Fig. 2c. RNA was extracted from three pools each of flow-purified CD4" V6" (double-positive) and CD4~ V6" and this
was used to determine the relative expression of Cd247 (top panel) Cd4 (middle panel, P = 0-057) and RunxI (bottom panel). y-Axis: gene exam-

ined; x-axis: cell type.

Discussion

These studies focused on the regulation maternal CD4 T
cells in the spleen. We observed a transient increase in
the expression of activation markers on CD4 T cells in
normal mice during pregnancy. Moreover, we observed a
transient decrease in spleen H-Y-specific transgenic CD4
T cells during mid-gestation. These transgenic T cells
retained the capacity to proliferate in response to specific
antigen in vitro, which agrees with findings in another
CD4 TCR transgenic mouse, whose cells proliferate in
response to maternally presented fetal antigen at mid-ges-
tation.” In contrast, expression of antigen in seminal fluid
did not elicit early specific proliferation in the spleen
CD4 T cell pool."

We observed an expansion of CD4~ VB6" cells in the
spleens of H-Y-specific transgenic mice both after injec-
tion of male cells and in early pregnancy, and these CD4
down-modulated cells expressed RNA for both CD4 and
the TCR. This led us to hypothesize that the observed
mid-gestational decrease in the number of H-Y-specific

CD4 T cells was related to antigen-induced activation and
a transient decrease in the surface expression of the
co-receptor CD4 or possibly the TCR, as seen in other sys-
tems.'® In these studies we also observed that CD4~ V36"
cells express intracellular CD4 (or TCR, data not shown)
and can up-regulate rapidly, possibly through rapid protein
synthesis or through redistribution to the cell surface.

Down-modulation of CD4 or the TCR is an outcome
of activation and a potential mechanism of T cell regula-
tion*"** in non-pregnant mice. Activation-induced CD4
down-regulation is enhanced by glucocorticoids and can
be inhibited by oxidative stress.”> Viruses can down-mod-
ulate CD4 expression in human T cells through enhanced
endocytosis and intracellular retention of nascent mole-
cules as a method of immune evasion.** Finally, down-
modulation of CD4 in human T cells has been postulated
to occur via the actions of TGF-f and support the success
of human pregnancy.”

In CD8 T cells, down-regulation of CD8 has also been
proposed as a mechanism of peripheral ‘tolerance’*® or of
‘detuning’® in this T cell population. Such regulation
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Figure 6. CD4 down-regulation in the spleen cells of CD4 anti-H-Y T cell receptor (TCR) transgenic mice during pregnancy is transient. (a)

Intracellular expression of CD4 on CD4 H-Y TCR transgenic spleen cells. CD4 H-Y TCR transgenic spleen cells that were identified as

CD4™ V6" or CD4" VB6" by flow cytometry were placed onto glass slides and analysed by microscopy to determine expression of CD4. Top:

Representative cell on negative control slide. Middle: representative CD4" V6™ cell by flow cytometry. Bottom: representative CD4~ V6" cells

by flow cytometry. (b) Re-expression of CD4 in CD4 H-Y TCR transgenic spleen cells in pregnant mice. Left: initial sorting profile. Spleen cells

from pooled CD4 H-Y TCR transgenic mice were stained with antibodies to CD4 and Vf36 and sorted into subpools based on expression of the

two markers. Each subpool was incubated in culture medium and then re-examined for expression of CD4 and V6. Right: post-culture analysis
of sorted cells. Top right: CD4" V6" cells by initial flow cytometry. Bottom right: CD4— V6" cells by initial flow cytometry.

may decrease the avidity of the TCR-MHC+peptide inter-
action and in turn decrease the sensitivity to activation.
This process is regulated by antigen dose*® and may also
be related to other factors, such as the cytokine milieu.
Such down-regulation is also reversible. In CD8 T cells
specific for Listeria monocytogenes,” a transient decrease
in CD8 expression occurred 7 days after infection fol-
lowed by increased expression after 14 days with the pre-
sumed development of a memory cell pool. This time-
frame is similar to what we observed in H-Y-specific CD4
T cells in pregnancy. Moreover, while multiple doses of a
low-avidity ligand may lead to co-receptor down-regula-
tion and decreased responsiveness in T cells, interaction
with a high-avidity ligand may overcome this.”” Although
receptor or co-receptor down-regulation may represent a
potential mechanism for maternal tolerance in mice'® and
in humans,” our studies suggest that this is a transient
phenomenon of pregnancy that does not necessarily
inhibit the ability to respond to fetal antigen, at least in
culture.

Multiple studies of TCR transgenic mice during preg-
nancy have generated three common findings. First, the
selective loss in utero of fetuses expressing the antigen of
interest has not been observed in any transgenic model
despite the artificially high frequency of T cells specific
for fetal antigens. Secondly, each model shows a variable

degree of phenotypic changes in the T cell pool during
pregnancy, suggesting that these changes are fetal antigen-
specific.””'%*!* Thirdly, in these models, considerable
heterogeneity has been observed in maternal fetal antigen-
specific T cells. Even within a given fetal antigen-specific
T cell pool, only a fraction of cells studied were tolerant,
activated or phenotypically changed, despite what could
be a large load of relevant antigen. This variability on a
per T cell basis may be due to the local availability of the
appropriate antigen-presenting cells.*”** Thus, pregnancy
per se does not compel fetal antigen-reactive T cells
towards either an up- or down-regulatory pathway.
Pregnancy generates anti-H-Y cytotoxic T lymphocyte
(CTL) responses in mice™> and humans.!®* However,
large numbers of gestations (> 8) decrease the ability to
reject a male skin graft.®® Because the H-Y response is
dependent on CD4 help,” it is possible that these find-
ings represent the outcome of subtle changes in the CD4
T cell pool that occur over many pregnancies. These
changes may be related to altered sensitivity to fetal anti-
gen, migration, life span or the expansion of populations
of cells with a regulatory phenotype.”**™*° In normal mice
we observed a transient increase in a population of
CD25" CD4" CD44 intermediate cells (Fig. 1b) and,
moreover, in normal mice there exist data suggestive of
the role of ‘regulatory’ T cells in maternal tolerance in

278 © 2011 The Authors. Immunology © 2011 Blackwell Publishing Ltd, Immunology, 134, 270-280



general and specifically with regard to H-Y has been sug-
gested.”®*!

Although Foxp3 expression can be detected by quantita-
tive RT-PCR (qRT-PCR) (data not shown) in the popu-
lation of CD4" VB6" T cells present on day 12 of
gestation in the spleen of CD4 H-Y-specific TCR trans-
genic mice, the robust ability to proliferate in response to
male antigen in this pool argues against a preferential
expansion of regulatory T cells. Moreover, the CD4
down-regulation described here is unlikely to be related
to the actions of a distinct regulatory subset of the
CD4" VB6" T cells remaining in the spleen at this gesta-
tional age.*” Thus, down-regulation of CD4 may be a
subtle and unique mode of regulation during pregnancy
in these mice.

Similar to other models,?”*® we found that CD4 down-
regulation can be produced in non-pregnant mice by
administration of antigen. A critical question, therefore, is
whether the observation of expansion of CD4 down-regu-
lated T cells in pregnant H-Y-specific TCR transgenic
mice represents a finding that is unique to pregnancy or
the normal functioning of the particular T cell used in
our transgenic mice. We found that exogenous delivery of
male antigen to non-pregnant H-Y-specific transgenic
mice generates a finding similar to that found in early
pregnancy. Because it is likely that the amount of antigen
(3 million cells) we injected into our non-pregnant mice
is higher than that present in pregnant mice on days 8-10
of gestation, we could speculate that pregnancy represents
a state of higher and not lower reactivity to antigen. A
possible interpretation, therefore, is that these data sug-
gest that pregnancy is a state of enhanced subtle down-
regulation during which overall responsiveness is pre-
served, and a potentially higher but modifiable threshold
is set for fetal antigen-specific responses. This would be
consistent with our interpretation of the data suggesting
that maternal antigen-presenting cells can drive anti-fetal
responses, but through inhibited trafficking are limited in
their ability to elicit such responses.”” In the latter case,
the modifiable threshold has to do with regulation of the
antigen-presenting cell pool, which exhibits tissue specific
and pregnancy-related plasticity in phenotype.'®*>**

An alternative interpretation of these data is that preg-
nancy is a way to visualize a process that is exactly the
same in the non-pregnant state. In this vein, we might
speculate that pregnancy does not change the T cell’s acti-
vation requirements, including reaching an appropriate
antigen-presenting cell (dose of antigen, form of antigen),
experiencing sufficient strength of signalling through the
TCR or receiving co-stimulation. Further, we predict that
maternal T cells, just as those in non-pregnant mice,
undergo activation by antigen and, in the ‘wrong’ immu-
nological context, down-regulate or die. Thus, maternal
tolerance may not be critically dependent on T cell dis-
regulation.*” Nevertheless, it is apparent that the problem

CD4 regulation in pregnancy

of successful pregnancy is solved by complex, overlapping
and as yet not fully understood elements that will require
increasingly sophisticated models for examination.
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