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Maternal innate and adaptive immune responses are modulated
during pregnancy to concurrently defend against infection and
tolerate the semiallogeneic fetus. The restoration of these systems
after childbirth is poorly understood. We reasoned that enhanced
innate immune activation may extend beyond gestation while
adaptive immunity recovers. To test this hypothesis, the transcrip-
tional profiles of total peripheral blood mononuclear cells follow-
ing delivery in healthy women were compared with those of
nonpregnant control subjects. Interestingly, interferon-stimulated
genes (ISGs) encoding proteins such as IFIT1, IFIT2, and IFIT3, as
well as signaling proteins such as STAT1, STAT2, and MAVS, were
enriched postpartum. Antiviral genes were primarily expressed in
CD14+ cells and could be stratified according to genetic variation at
the interferon-λ3 gene (IFNL3, also named IL28B) SNP rs12979860.
Antiviral gene expression was sustained beyond 6 mo following
delivery in mothers with a CT or TT genotype, but resembled base-
line nonpregnant control levels following delivery in mothers with
a CC genotype. CT and TT IFNL3 genotypes have been associated
with persistent elevated ISG expression in individuals chronically in-
fected with hepatitis C virus. Together, these data suggest that post-
partum, the normalization of the physiological rheostat controlling
IFN signaling depends on IFNL3 genotype.
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Maternal immunoregulatory adaptations such as the expan-
sion of regulatory T cells (Tregs) with potent immunosup-

pressive capacity serve to maintain fetal tolerance during pregnancy
(1, 2). Although tolerance mechanisms are necessary for fetal
survival, suppressed cellular immunity renders pregnant women
susceptible to severe infection with certain pathogens (3–7).
Augmented innate immunity may partially offset the reduced
adaptive immune protection in pregnancy (8, 9). Following de-
livery, however, the maternal immune system is released from
the constraints of pregnancy.
The postpartum period is associated with alterations in the

severity of certain autoimmune diseases and enhanced control of
several chronic viruses. For example, multiple sclerosis symptom
severity is often alleviated during pregnancy and exacerbated
following delivery (10). Similarly, women persistently infected
with hepatitis C virus (HCV) or hepatitis B virus (HBV) may
experience a precipitous decrease in viral load in the months
following delivery (11–13). Factors that contribute to the enhanced
postpartum viral control are not fully understood, although in the
context of HCV infection, the decrease in viral load was linked in
two women to the emergence of viral variants with escape mu-
tations in class I epitopes, suggesting a restoration of virus-spe-
cific CD8+ T-cell selection pressure (11).
There is evidence, however, that a brief lag phase in T-cell

function may occur following delivery. Although absolute num-
bers of T cells normalize by 1-mo postpartum (14, 15), these T
cells may possess functional effector deficits such as decreased

IFN-γ production (15). We hypothesized that maternal innate
immune activation extends beyond gestation, thus compensating
for the lag phase in postpartum T-cell immunity. We tested this
hypothesis by comparing the transcriptional profiles of total pe-
ripheral blood mononuclear cells (PBMCs) from healthy mothers
following delivery in relation to nonpregnant control subjects
(NPCs). We identified an IFN-stimulated gene (ISG) signature that
was primarily expressed in CD14+ cells and depended on the in-
terferon-λ3 (IFNL3, also known as IL28B) single-nucleotide poly-
morphism (SNP) rs12979860. Together these data suggest that
IFNL3 genotype may influence innate immunity following delivery.

Results
We used a systems biology approach to identify gene expression
patterns and pathways that may contribute to postpartum control
of viral infections. PBMCs were collected 2 wk following delivery
from two healthy mothers, UM07 and UM08, and two NPCs,
NPC354 and NPC357. All NPC subjects were women in their
childbearing years who had never been pregnant. Postpartum
genes enriched at least twofold over NPCs were included in the
analysis; 982 genes were differentially expressed in both UM07
and UM08. Further analysis of these genes by DAVID bio-
informatics indicated that the top five enriched biological
processes were related to immune response [Gene Ontology
(GO):0006955], positive regulation of defense response to virus
by host (GO:0002230), response to virus (GO:0009615), defense
response to virus by host (GO:0050691), and regulation of immune
effector process (GO:0002697) (Fig. 1A). Remarkably, all five
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biological processes were associated with immunity, and three of
these were specifically related to antiviral immunity.
Due to the number of antiviral genes within the “defense re-

sponse to virus” biological process, this category was investigated
further. The enriched antiviral defense genes encoded proteins
with antiviral effector function (IFIT1, IFIT2, IFIT3, and OAS1)
and signaling function (STAT1, STAT2, MAVS, and TLR7).
Interestingly, the IFN-α/β signaling pathway was enriched post-
partum. Network analysis identified STAT1 and STAT2 to be
the regulatory nodes within the network (Fig. 1B). STAT1 and
STAT2 are key modulators of type I and type III IFN signaling,
and together these data are consistent with up-regulated antiviral
IFN signaling in peripheral blood cells following delivery in
UM07 and UM08.
We then examined the duration of antiviral gene enrichment

following delivery. Gene expression analysis was performed on
PBMCs from UM07 and UM08 obtained 2-, 4-, 12-, and 24-wk
following delivery and compared with the gene signatures from

NPCs (Fig. 1C). Interestingly, many antiviral genes were enriched as
late as 24 wk following delivery. Expression patterns varied from
transient expression 2- to 4-wk postpartum, as in the case of MAVS
and STAT2, to prolonged expression from 12 to 24 wk following
delivery, as exemplified by IFIT1, IFIT2, and IFIT3 (Fig. 1C).
IFIT1, IFIT2, IFIT3, and OAS1 were chosen for further analysis

because of their relative fold increases in transcript levels within total
PBMCs. These genes are canonical ISGs that when translated pos-
sess antiviral function against numerous viruses. The IFN-induced
protein with tetratricopeptide repeats (IFIT) family proteins func-
tion by inhibiting distinct steps of the viral life cycle (16), whereas
oligoadenylate synthetase 1 (OAS1) activates RNase L to cleave
viral RNA (17). Because the transcriptome analysis indicated that
IFIT1, IFIT2, IFIT3, and OAS1 remained elevated 6-mo postpartum
in PBMCs from UM07 and UM08, we extended these findings in
additional healthy mothers. PBMCs were collected from 10 mothers
at late time points following delivery (Table S1). RT-PCR was used
to compare transcript expression of ISGs. IFIT1, IFIT2, IFIT3, and
OAS1 remained enriched beyond 6-mo postpartum relative to
PBMCs from NPCs (Fig. 1D), which was in alignment with the
postpartum ISG enrichment observed in UM07 and UM08. PBMCs
were also isolated approximately 5 y following delivery from two
mothers, UM1001 and UM1002. Surprisingly, 5-y postpartum all
analyzed ISGs were enriched relative to NPC samples.
We next set out to determine whether postpartum antiviral

gene expression was enriched in particular subsets of the circu-
lating mononuclear cells. The 2-wk postpartum time point was
chosen because of the relative fold increase in ISGs observed in
the microarray analysis. We first confirmed that ISG levels were
induced in early postpartum PBMCs from three mothers by RT-
PCR. IFIT1 levels were similar between UM07 and UM08, with
both mothers displaying approximate sixfold increases relative to
NPCs. IFIT2 levels were enriched by nearly sixfold in UM07 but
were not significantly enriched in UM08, whereas IFIT3 levels
were enriched by approximately fourfold in UM08 but not UM07
(Fig. 2A). Similarly, levels of IFIT1, IFIT2, IFIT3, and OAS1
were enriched in total PBMCs obtained from UM332 following
delivery (Fig. 2A).
CD8+ T lymphocytes, CD4+ T lymphocytes, CD19+ B lym-

phocytes, and CD14+ monocytes were separated based on sur-
face marker expression and analyzed for antiviral gene expression.
Surprisingly, the highest postpartum transcript levels of genes
encoding IFIT1, IFIT2, IFIT3, and OAS1 were detected within
the isolated CD14+ population (Fig. 2A). Transcript levels in
CD14+ cells between NPCs did not vary by more than approxi-
mately twofold, whereas IFIT1, IFIT2, IFIT3, and OAS1 levels
were elevated postpartum in UM07, UM08, and UM332. In
contrast, transcript levels of these genes in cells expressing CD4,
CD8, CD19, or in the remaining cell subsets did not appear to
exceed the range of expression seen in NPCs (Fig. 2A). To ensure
that the postpartum ISG enrichment observed in total PBMCs
was not solely due to elevated numbers of CD14+ cells, flow
cytometry was used for analysis of cell frequency. The frequencies
of CD14+ cells within total PBMCs used for transcript analysis
were not significantly different between NPCs and postpartum
subjects (Fig. 2B).
To extend the findings from these three mothers, we analyzed

antiviral gene expression in CD14+ cells from an additional
14 mothers and 10 NPC subjects. Characteristics of the mothers
and NPCs enrolled in this study are shown in Tables S1 and S2.
CD14+ cells were isolated, and the levels of IFIT1, IFIT2, IFIT3,
and OAS1 were examined by RT-PCR. NPC transcript levels
were tightly clustered for each gene tested (Fig. 3A), whereas
highly variable antiviral transcript levels were observed post-
partum. Multiple factors could influence postpartum gene ex-
pression, so we examined a potential role for genetic factors.
The IFNL3 SNP rs12979860 is strongly associated with the level

of ISGs found within HCV-infected livers. TT or CT genotypes at
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Fig. 1. Antiviral defense genes are sustained greater than 6-mo postpartum in
PBMCs from healthy mothers. (A) Top five biological processes increased 2-wk
postpartum over NPCs. Fold-changes were calculated relative to the average of
NPC subjects. DAVID Bioinformatics Resource was used for functional annotation,
and gene accession numbers for biological processes are listed. (B) Network
analysis of antiviral genes enriched 2-wk postpartum. Each node represents one
gene within the biological process. (C) Heat map of antiviral gene expression in
total PBMCs obtained from UM07 and UM08 between 2- and 24-wk postpartum.
Fold-changes were calculated relative to the average transcript levels fromNPC354
and NPC357. (D) RT-PCR analysis of antiviral genes. Gene expression levels from
bulk PBMCs are normalized to the GAPDH housekeeping gene and calculated as
fold-change relative to healthy NPC354 by using the formula 2−ΔΔCt. Each dot
represents one individual donor. (Mann–Whitney test, **P < 0.01, ***P < 0.001).
Time points at which postpartum samples were collected are indicated in Table S1.
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this SNP are linked to high ISG levels, whereas patients with a CC
genotype generally express low levels of ISGs (18). Given the re-
lationship between this SNP and antiviral gene expression, we hy-
pothesized that the antiviral transcript levels from postpartum
CD14+ cells could also be stratified based on IFNL3 genotype at
rs12979860. Donor IFNL3 genotype was determined by using a
PCR-based allelic discrimination assay (Fig. 3A). Donors with TT
or CT genotypes were grouped together because of their similar
patterns of antiviral gene expression. Purified CD14+ cells from
NPCs displayed consistent baseline levels of ISG transcripts, re-
gardless of IFNL3 genotype (Fig. 3A). Interestingly, the transcript
levels of IFIT1, IFIT2, IFIT3, and OAS1 within isolated CD14+

cells from mothers homozygous for the CC alleles were not sig-
nificantly different from genotype CC or non-CC NPCs (Fig. 3A).
In comparison, CD14+ cells isolated from women with either

TT or CT genotypes at rs12979860 displayed significantly enriched
transcript levels of IFIT1, IFIT2, IFIT3, and OAS1, both relative to
NPC and homozygous CC genotype postpartum samples. It is in-
teresting to note that within the postpartum TT/ CT cohort, the
relative enrichment of the highest data point within each analyzed
gene was not recurrently obtained from the same donor. The donor
displaying the highest postpartum IFIT1, IFIT2, IFIT3, and OAS1
transcript level was UM07, UM1001, UM332, and UM06, re-
spectively (Fig. 3A). These results indicate that postpartum antiviral

transcript levels in CD14+ cells from uninfected mothers may be
stratified according to IFNL3 genotype at SNP rs12979860.
Since the initial microarray was performed on PBMCs isolated

following delivery from two mothers with CT alleles at SNP
rs12979860 (Fig. 1 A–C), we next investigated whether ISG enrich-
ment in postpartum PBMCs from homozygous CC individuals
would more closely resemble NPCs. Total PBMCs were isolated
2-wk postpartum from two CC donors, UM10 and UM12, and
compared with the same two NPC donors (NPC354 and NPC357)
that were used for the gene expression analysis in Fig. 1. Analysis of
antiviral genes indicated little to no enrichment from postpartum CC
donors (Fig. 3B), a finding in agreement with our analysis of purified
CD14+ cells (Fig. 3A). This lack of enrichment in CC donors was in
stark contrast to the high level of antiviral transcripts observed 2-wk
postpartum in CT donors UM07 and UM08 (Fig. 3B).
We next stratified the level of PBMC ISG enrichment observed

between 6-mo and 5-y postpartum (Fig. 1D) based on IFNL3 ge-
notype. There was a trend toward higher ISG expression in mothers
with CT or TT genotypes vs. a CC genotype at late postpartum time
points (Fig. S1). However, it is important to note that only three
samples were available from mothers with a CC genotype. Taken
together, PBMC ISG expression is prolonged at least 6-mo post-
partum in mothers with a CT or TT genotype (Fig. 1 C and D), but
resembles baseline NPC levels 2-wk postpartum in mothers with a
CC genotype (Fig. 3B).
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Fig. 2. Antiviral defense genes are enriched postpartum in CD14+ cells. (A) Antiviral gene expression levels of IFIT1, IFIT2, IFIT3, and OAS1 from isolated CD14+,
CD4+, CD8+, and CD19+ cell populations were analyzed by RT-PCR and shown as fold-change relative to NPC354 (bars represent SEM). (B) Frequency of CD14+ cells
in total PBMCs used for transcript analysis in A.
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Discussion
We initially hypothesized that innate antiviral immunity may be
augmented in the weeks after childbirth to protect women from
infections while adaptive immune function recovers. Here, we
found that some women exhibited up-regulation of IFN-stimulated
antiviral genes in CD14+ cells after delivery. Strikingly, this signa-
ture was limited to women with a particular IFNL3 rs12979860
genotype. These findings raise important questions about the
mechanisms and potential benefits or harms of protracted IFN
signaling in CD14+ cells after childbirth.
Interestingly, the observed effects of this SNP on ISG expression

in circulating CD14+ cells after delivery (Figs. 1C and 3A) parallel
findings in HCV-infected livers (18). The IFNL3 SNP at position
rs12979860 was originally identified by genomewide association

studies to be predictive of spontaneous and IFN treatment-induced
resolution of infection with HCV (19–22). HCV-infected individuals
with the favorable homozygous CC genotype exhibit low intrahepatic
ISG levels, whereas those with the unfavorable CT or TT genotypes
exhibit higher intrahepatic antiviral gene expression (18–22). Al-
though the association between impaired clearance of HCV and high
intrahepatic ISG levels is counterintuitive, it has been suggested that
IFN exerts its protective effect early after infection, whereas pro-
longed IFN signaling may lead to “interferon exhaustion.” Indeed, in
a mouse model of chronic infection, blockade of type I IFN before
infection with lymphocytic choriomeningitis virus clone 13 enhanced
viral load during the acute phase of infection, but led to viral
clearance at later time points (23, 24).
Some evidence suggests that protracted IFN signaling may

also impair CD14+ function. Tilton et al. described an associa-
tion between ISG enrichment in CD14+ cells and decreased
proinflammatory cytokine production in patients infected with
HIV (25). This study hints that in certain settings, the postpartum
antiviral transcript enrichment in CD14+ cells could actually be less
favorable because of decreased cytokine production. However, we
cannot rule out the possibility that enrichment of antiviral genes
after pregnancy associated with the IFNL3 CT or TT genotype
could be advantageous for certain infections.
It is tempting to speculate that the IFNL3 genotype effects on

IFN signaling could influence other postpartum complications in-
cluding bacterial infections, autoimmune diseases, or even de-
pression. Puerperal sepsis, a bacterial infection originating in the
uterus following delivery, is the leading infectious cause of maternal
death worldwide (26). Type I IFN signaling has been associated
with increased severity of infection with a number of relevant
pathogens, including staphylococcal and Pseudomonas species (27,
28). Likewise, elevated levels of type I IFN are associated with
pathogenesis of certain autoimmune diseases such as systemic lupus
erythematosus (SLE) (29). Because SLE flares are common during
and following pregnancy (30), perhaps the basal levels of IFN sig-
naling in mothers with a CC genotype could influence flare severity.
In contrast, patients with multiple sclerosis are often treated with
recombinant type I IFN (29). Some women are prone to post-
partum relapses (10), suggesting that prolonged IFN signaling could
be protective following delivery. Further, depression is a side effect
of therapeutic treatment with exogenous IFN-α (31) and has been
associated with aberrant proinflammatory cytokine production (32).
A CC genotype could potentially be favorable for women prone to
postpartum depression. Although we have not studied these po-
tential connections, they are intriguing possibilities worth examining
in the future. It will be exciting to learn which infections and dis-
eases are impacted by IFNL3 genotype and the variable CD14+ ISG
expression following delivery.
The mechanisms underlying the prolonged and selective ISG up-

regulation in CD14+ cells of IFNL3 CT/TT women after childbirth
remain elusive. First, the mechanism by which the IFNL3 rs12979860
SNP exerts an effect on ISG signaling in any cell type is unsettled,
with uncertainty about whether the SNP is actually functional or
whether its effect is mediated by other IFNL SNPs in high linkage
disequilibrium (33). Individuals with a ΔG genotype (vs. T) at the
IFNL4 variant rs368234815 express a transcript encoding the IFN-λ4
protein, which has been demonstrated to induce IFN signaling (33,
34). All of the NPC subjects and mothers from our study were
genotyped at rs368234815, and in each individual there was a direct
correlation between IFNL3 SNP rs12979860 and IFNL4
rs368234815 genotypes (Table S1). Second, an effect of IFNL3 ge-
notype on ISG expression has not been previously described for
CD14+ cells to our knowledge. Monocytes are known to increase in
both frequency and activation marker expression during pregnancy
and labor (9, 15), with roles in placental vascularization, initiation of
labor, and potentially immune protection during a period of reduced
adaptive immunity. Nonetheless, the stimulus for continued IFN
signaling in CD14+ cells after delivery is unknown.

A B

Fig. 3. Postpartum antiviral defense transcript enrichment can be stratified
based on allele expression at IFNL3 SNP rs12979860. (A) RT-PCR analysis of
antiviral genes. Gene-expression levels from isolated CD14+ cells are expressed
as fold-change relative to healthy NPC354. Each dot represents one individual
donor. (Kruskal–Wallis test with subsequent Dunn’s test for pairwise compar-
ison, *P < 0.05, **P < 0.01). (B) Gene-expression analysis from total PBMCs
obtained postpartum from two mothers with CT genotypes (UM07 and UM08)
and two mothers with CC genotypes (UM10 and UM12). Fold-changes were
calculated relative to the average transcript levels from NPC354 and NPC357.
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In human pregnancy, fetal-derived tissues come in direct contact
with maternal blood, which is known as hemochorial placentation.
Placental syncytiotrophoblasts, a primary cell type of the placenta,
invade maternal blood vessels, which allows maternal blood and
blood cells to directly contact semiallogeneic syncytiotrophoblasts
(35). Because placental cells are capable of IFN production (36) and
physical interactions between syncytiotrophoblasts and maternal
CD14+ monocytes involving ICAM-1, LFA-1, and fractalkine have
been described (37–39), it is possible that stimulation of CD14+ cells
in vivo requires cell-to-cell contact. This finding could explain why
enriched antiviral transcripts were primarily expressed within the
CD14+ population and not globally in all circulating cell types (Fig.
2A). In addition, a proinflammatory cytokine milleu is thought to
contribute to uterine contraction and delivery. Following delivery,
uterine tissue is regenerated during the wound healing process. The
placental proinflammatory environment and uterine tissue repair
associated with childbirth could conceivably provide a transient
stimulus for ISG expression, but it is difficult to envision how these
processes would support enhanced ISG expression for years after
delivery as seen in mothers with an IFNL3 CT/TT genotype (Fig.
1D and Fig. S1).
The duration of ISG expression suggests that the enriched

postpartum ISGs may depend on continuous stimulation or reflect
a permanent change within the CD14+ cell subset. It is known that
microchimeric fetal cells take residence in the mother during
pregnancy and may persist in the mother for years following de-
livery (40). Microchimeric cells could be targets for maternal al-
logeneic T cells, potentially resulting in continuous low-grade
inflammation and ISG expression.
An alternate hypothesis stems from the observation that epige-

netic modification is not uncommon during pregnancy. For exam-
ple, a cluster of 46 microRNAs, called the chromosome 19 miRNA
cluster (C19MC), is induced by epigenetic modification within the
placenta (41, 42). An interesting observation is that many genes
involved in innate immunity and reproduction are located along
chromosome 19, which also contains the IFNL3 SNP rs12979860.
Two genes within this region, Akt2 and IRF3, specifically modulate
ISGs (43, 44). If this region were epigenetically modified following
delivery, a transcriptionally accessible conformation could be
maintained in CD14+ cells of women with CT or TT genotypes, but
remain inaccessible to transcriptional machinery in mothers with a
CC genotype. Continuous expression of Akt2 and IRF3 could po-
tentially contribute to the prolonged ISG expression observed fol-
lowing delivery. Further work will be required to determine the
stimulus for prolonged ISG expression in CD14+ cells and the
factors that contribute to differences in ISG expression from TT/CT
and CC genotypes after delivery.
Overall, we identified a prolonged ISG signature that was

primarily expressed in CD14+ cells following delivery in healthy
women. Postpartum ISG enrichment depended on IFNL3 ge-
notype. Together these data may have important ramifications
for our understanding of the role of polymorphism-dependent
IFN signaling, and the maternal response to infections and other
inflammatory diseases following delivery.

Methods
Study Approval. Healthy nonpregnant control subjects and mothers were
recruited from the Yerkes National Primate Research Center Healthy Donor
Protocol under the approval of the institutional reviewboardat EmoryUniversity.
Donors provided written consent for blood donation. Healthy mothers (negative
for hepatitis B surface antigen, hepatitis C antibody, and HIV antibody) were also
recruited from the Ohio State University Substance Treatment, Education and
Prevention in Pregnancy Program. Following informed consent, blood collections
were performed at Nationwide Children’s Hospital in Ohio under the approval of
the institutional review boards at Ohio State University and Nationwide Child-
ren’s Hospital. Donor characteristics are highlighted in Tables S1 and S2.

Blood Collection and Processing. Blood samples were collected in Vacutainer
tubes (BD), and PBMCs were isolated by using Ficoll gradient centrifugation.

Cells were suspended at a concentration of 5 × 106 cells permL in FBS (HyClone)
containing 10% (vol/vol) dimethyl sulfoxide (DMSO) and stored at −150 °C.

RNA Purification for Microarray Analysis. PBMCs were stored in 350 μL of RLT
buffer (Qiagen) containing 1% β-mercaptoethanol. Total RNA extraction
was performed by using the RNeasy mini kit according to the manufacturer’s
specifications; on-column DNase digestion was also performed to remove
genomic DNA. RNA integrity of the extracted RNA was assessed by Agilent
Bioanalyzer (Agilent Technologies) capillary electrophoresis on an RNA 6000
NanoChip; all samples had an RNA Integrity Number score of 8.5 or higher.
Quantitative analysis was performed by using the NanoDrop 2000 spectro-
photometer (Thermo Scientific).

Microarray Hybridization. For each individual sample, cDNA synthesis and
amplification was performed by using the NuGEN Ovation Pico WTA V2
system (NuGEN). Briefly, 25 ng of total RNA were used for cDNA synthesis
followed by whole transcriptome amplification by NuGEN’s Ribo-SPIA
technology. The Ribo-SPIA technology uses DNA/RNA chimeric primers to
amplify cDNA isothermally maintaining the stoichiometry of the input RNA.
The amplified single-stranded DNA was purified by using the AMpure XP
beads (Beckman). Qualitative and quantitative analyses were performed on
the Bioanalyzer and NanoDrop, respectively, to assess the size distribution of
the amplified DNA and quantity. Five micrograms of the amplified DNA
were used for biotinylation and fragmentation by using the NuGEN Ovation
Encore Biotin Module (NuGEN).

Microarray Analysis and Bioinformatics. Data were analyzed by using TIBCO
Spotfire with OmicsOffice for Microarrays (Integromics Biomarker Discovery).
Primary microarray data has been submitted to Gene Expression Omnibus in
accordance with proposed Minimum Information About a Microarray Ex-
periment standards. DAVID Bioinformatics Resources and Ingenuity Pathways
Analysis was used to identify biological pathways and processes that were
enriched in postpartum samples over nonpregnant controls. These programs
analyze and categorize gene sets within known biological pathways or
networks.

Cell Purification. CD14+ cells were isolated by using human CD14 MicroBeads
and MACS columns according to the manufacturer’s instructions (Miltenyi
Biotech). Other subpopulations were purified by using CD8, CD4, and CD19
Pan B-cell Dynabeads for human cell isolation, also according to the manu-
facturer’s instructions (Life Technologies).

RT-PCR. Total RNAwas extracted by using an RNeasyMini Kit and treatedwith
an RNase Free DNase Set (Qiagen) according to the manufacturer’s instruc-
tions. Reverse transcription reactions were performed by using a High Ca-
pacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression
levels were determined by using the Power SYBR Green PCR Master Mix
(Applied Biosystems) on an Applied Biosystems 7500 apparatus.

Allelic Discrimination Assays. Genotypes of NPC and postpartum subjects at
IFNL3 SNP rs12979860 and IFNL4 were determined as described (18, 34).
Briefly, genomic DNAwas isolated from patient samples by using the PureLink
Genomic DNA Mini Kit (Qiagen) per the manufacturer’s protocol. Allelic dis-
crimination was carried out by using Taqman Genotyping Master Mix. Sam-
ples were run on an ABI 7500 Real-Time PCR instrument (Applied Biosystems),
and donor genotype was assigned by automated algorithm included in the
SDS v1.3.1 software suite (Applied Biosystems).

Flow Cytometric Analysis. PBMCs were stained with antibodies to CD3 (FITC,
clone UCHT1; Beckman Coulter), CD8 (PE, clone SK1; BioLegend), HLA-DR
(PerCP – Cy5.5, clone L243; BioLegend), CD19 (violet fluor 450, clone HIB19;
Tonbo Biosciences), and CD14 (PE-Cy7, clone M5E2; BD Biosciences) for
analysis of cell frequencies and isolation purity.

ACKNOWLEDGMENTS. We thank all of the donors who participated in this
study; Dr. Rafi Ahmed for helpful discussions; Dr. Young-Jin Seo and
Dr. Manoj Thapa for critical reading of the manuscript; Dr. Steve Bosinger
of the Yerkes Genomics Core for microarray expertise; Dr. Chris Ibegbu for
reagent contributions; Lakshmi Chennareddi for statistical expertise; and
Jane Lawson for donor recruitment. This study was funded by the National
Institute of Health Grants U19AI057266-11, U19AI057266-08 (to Rafi Ahmed),
R01AI096882, UL1TR001070 (to C.M.W. and J.R.H.), R01AI070101, R01AI124680,
1R21AI118337 (to A.G.), and U19AI083019 (to M.S.S.); and ORIP/OD
P51OD011132 (formerly NCRR P51RR000165) to the Yerkes National Primate
Research Center.

10682 | www.pnas.org/cgi/doi/10.1073/pnas.1602319113 Price et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
26

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602319113/-/DCSupplemental/pnas.201602319SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602319113/-/DCSupplemental/pnas.201602319SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1602319113/-/DCSupplemental/pnas.201602319SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1602319113


www.manaraa.com

1. Erlebacher A (2013) Mechanisms of T cell tolerance towards the allogeneic fetus. Nat
Rev Immunol 13(1):23–33.

2. Aluvihare VR, Kallikourdis M, Betz AG (2004) Regulatory T cells mediate maternal
tolerance to the fetus. Nat Immunol 5(3):266–271.

3. Kourtis AP, Read JS, Jamieson DJ (2014) Pregnancy and infection. N Engl J Med
371(11):1077.

4. Silasi M, et al. (2015) Viral infections during pregnancy. Am J Reprod Immunol 73(3):
199–213.

5. Louie JK, et al. (2015) Pregnancy and severe influenza infection in the 2013-2014
influenza season. Obstet Gynecol 125(1):184–192.

6. Chertow DS, et al. (2014) Ebola virus disease in West Africa—Clinical manifestations
and management. N Engl J Med 371(22):2054–2057.

7. Zhang HJ, Patenaude V, Abenhaim HA (2015) Maternal outcomes in pregnancies
affected by varicella zoster virus infections: Population-based study on 7.7 million
pregnancy admissions. J Obstet Gynaecol Res 41(1):62–68.

8. Sacks G, Sargent I, Redman C (1999) An innate view of human pregnancy. Immunol
Today 20(3):114–118.

9. Faas MM, Spaans F, De Vos P (2014) Monocytes and macrophages in pregnancy and
pre-eclampsia. Front Immunol 5:298.

10. Pozzilli C, Pugliatti M; ParadigMS Group (2015) An overview of pregnancy-related
issues in patients with multiple sclerosis. Eur J Neurol 22(Suppl 2):34–39.

11. Honegger JR, et al. (2013) Loss of immune escape mutations during persistent HCV
infection in pregnancy enhances replication of vertically transmitted viruses. Nat Med
19(11):1529–1533.

12. Ruiz-Extremera A, et al. (2013) Variation of transaminases, HCV-RNA levels and Th1/
Th2 cytokine production during the post-partum period in pregnant women with
chronic hepatitis C. PLoS One 8(10):e75613.

13. Lin HH, Wu WY, Kao JH, Chen DS (2006) Hepatitis B post-partum e antigen clearance
in hepatitis B carrier mothers: Correlation with viral characteristics. J Gastroenterol
Hepatol 21(3):605–609.

14. Watanabe M, et al. (1997) Changes in T, B, and NK lymphocyte subsets during and
after normal pregnancy. Am J Reprod Immunol 37(5):368–377.

15. Kraus TA, et al. (2012) Characterizing the pregnancy immune phenotype: Results of
the viral immunity and pregnancy (VIP) study. J Clin Immunol 32(2):300–311.

16. Diamond MS, Farzan M (2013) The broad-spectrum antiviral functions of IFIT and
IFITM proteins. Nat Rev Immunol 13(1):46–57.

17. Sadler AJ, Williams BR (2008) Interferon-inducible antiviral effectors. Nat Rev
Immunol 8(7):559–568.

18. Urban TJ, et al. (2010) IL28B genotype is associated with differential expression of
intrahepatic interferon-stimulated genes in patients with chronic hepatitis C.
Hepatology 52(6):1888–1896.

19. Suppiah V, et al. (2009) IL28B is associated with response to chronic hepatitis C in-
terferon-alpha and ribavirin therapy. Nat Genet 41(10):1100–1104.

20. Tanaka Y, et al. (2009) Genome-wide association of IL28B with response to pegylated
interferon-alpha and ribavirin therapy for chronic hepatitis C. Nat Genet 41(10):
1105–1109.

21. Thomas DL, et al. (2009) Genetic variation in IL28B and spontaneous clearance of
hepatitis C virus. Nature 461(7265):798–801.

22. Ge D, et al. (2009) Genetic variation in IL28B predicts hepatitis C treatment-induced
viral clearance. Nature 461(7262):399–401.

23. Teijaro JR, et al. (2013) Persistent LCMV infection is controlled by blockade of type I
interferon signaling. Science 340(6129):207–211.

24. Wilson EB, et al. (2013) Blockade of chronic type I interferon signaling to control
persistent LCMV infection. Science 340(6129):202–207.

25. Tilton JC, et al. (2006) Diminished production of monocyte proinflammatory cytokines

during human immunodeficiency virus viremia is mediated by type I interferons.

J Virol 80(23):11486–11497.
26. Buddeberg BS, Aveling W (2015) Puerperal sepsis in the 21st century: Progress, new

challenges and the situation worldwide. Postgrad Med J 91(1080):572–578.
27. Parker D, Planet PJ, Soong G, Narechania A, Prince A (2014) Induction of type I in-

terferon signaling determines the relative pathogenicity of Staphylococcus aureus

strains. PLoS Pathog 10(2):e1003951.
28. Dejager L, et al. (2014) Pharmacological inhibition of type I interferon signaling

protects mice against lethal sepsis. J Infect Dis 209(6):960–970.
29. López de Padilla CM, Niewold TB (2016) The type I interferons: Basic concepts and

clinical relevance in immune-mediated inflammatory diseases. Gene 576(1 Pt 1):

14–21.
30. Baer AN, Witter FR, Petri M (2011) Lupus and pregnancy. Obstet Gynecol Surv 66(10):

639–653.
31. Hoyo-Becerra C, Schlaak JF, Hermann DM (2014) Insights from interferon-α-related

depression for the pathogenesis of depression associated with inflammation. Brain

Behav Immun 42:222–231.
32. Groer ME, Jevitt C, Ji M (2015) Immune changes and dysphoric moods across the

postpartum. Am J Reprod Immunol 73(3):193–198.
33. Prokunina-Olsson L, et al. (2013) A variant upstream of IFNL3 (IL28B) creating a new

interferon gene IFNL4 is associated with impaired clearance of hepatitis C virus. Nat

Genet 45(2):164–171.
34. O’Brien TR, et al. (2015) Comparison of functional variants in IFNL4 and IFNL3 for

association with HCV clearance. J Hepatol 63(5):1103–1110.
35. Moffett A, Loke C (2006) Immunology of placentation in eutherian mammals. Nat Rev

Immunol 6(8):584–594.
36. Bayer A, et al. (2016) Type III interferons produced by human placental trophoblasts

confer protection against Zika virus infection. Cell Host Microbe 19(5):705–712.
37. Xiao J, et al. (1997) ICAM-1-mediated adhesion of peripheral blood monocytes to the

maternal surface of placental syncytiotrophoblasts: Implications for placental villitis.

Am J Pathol 150(5):1845–1860.
38. Garcia-Lloret MI, Winkler-Lowen B, Guilbert LJ (2000) Monocytes adhering by LFA-1

to placental syncytiotrophoblasts induce local apoptosis via release of TNF-alpha. A

model for hematogenous initiation of placental inflammations. J Leukoc Biol 68(6):

903–908.
39. Siwetz M, et al. (2015) Placental fractalkine mediates adhesion of THP-1 monocytes to

villous trophoblast. Histochem Cell Biol 143(6):565–574.
40. Bianchi DW, Zickwolf GK, Weil GJ, Sylvester S, DeMaria MA (1996) Male fetal pro-

genitor cells persist in maternal blood for as long as 27 years postpartum. Proc Natl

Acad Sci USA 93(2):705–708.
41. Tsai KW, Kao HW, Chen HC, Chen SJ, Lin WC (2009) Epigenetic control of the ex-

pression of a primate-specific microRNA cluster in human cancer cells. Epigenetics

4(8):587–592.
42. Noguer-Dance M, et al. (2010) The primate-specific microRNA gene cluster (C19MC) is

imprinted in the placenta. Hum Mol Genet 19(18):3566–3582.
43. Kaur S, et al. (2008) Role of the Akt pathway in mRNA translation of interferon-

stimulated genes. Proc Natl Acad Sci USA 105(12):4808–4813.
44. Grandvaux N, et al. (2002) Transcriptional profiling of interferon regulatory factor 3

target genes: Direct involvement in the regulation of interferon-stimulated genes.

J Virol 76(11):5532–5539.

Price et al. PNAS | September 20, 2016 | vol. 113 | no. 38 | 10683

M
IC
RO

BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
26

, 2
02

1 


