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Abstract

Current medical guidelines consider pregnant women with COVID-19 to be a high-risk

group. Since physiological gestation downregulates the immunological response to maintain

“maternal-fetal tolerance”, SARS-CoV-2 infection may constitute a potentially threatening

condition to both the mother and the fetus. To establish the immune profile in pregnant

COVID-19+ patients, a cross-sectional study was conducted. Pregnant women with

COVID-19 (P-COVID-19+; n = 15) were analyzed and compared with nonpregnant women

with COVID-19 (NP-COVID-19+; n = 15) or those with physiological pregnancy (P-COVID-

19-; n = 13). Serological cytokine and chemokine concentrations, leucocyte immunopheno-

types, and mononuclear leucocyte responses to polyclonal stimuli were analyzed in all

groups. Higher concentrations of serological TNF-α, IL-6, MIP1b and IL-4 were observed

within the P-COVID-19+ group, while cytokines and chemokines secreted by peripheral leu-

cocytes in response to LPS, IL-6 or PMA-ionomicin were similar among the groups. Immu-

nophenotype analysis showed a lower percentage of HLA-DR+ monocytes in P-COVID-19+

than in P-COVID-19- and a higher percentage of CD39+ monocytes in P-COVID-19+ than

in NP-COVID-19+. After whole blood polyclonal stimulation, similar percentages of T cells
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and TNF+ monocytes between groups were observed. Our results suggest that P-COVID-

19+ elicits a strong inflammatory response similar to NP-COVID19+ but also displays an

anti-inflammatory response that controls the ATP/adenosine balance and prevents hyperin-

flammatory damage in COVID-19.

Introduction

Severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syn-

drome coronavirus infections result in high mortality among pregnant women (25% and 27%,

respectively) [1]. In 2019, a new coronavirus called SARS-CoV-2 appeared and became a new

high-risk virus because SARS-CoV-2 viral infections lead to a powerful cell and humoral

immune response in pregnant women and increase fetal morbidity and mortality [2–4]. Addi-

tionally, pregnant women exhibit higher mortality rates associated with viral infections than

the general population [5, 6]. The immune response in pregnant women is mediated by many

cellular and humoral mechanisms [7, 8], resulting in a unique biological scenario to face a new

virus, as in COVID-19.

Comorbidities associated with critical COVID-19 are highly prevalent in Mexico in both

the general population and pregnant women [3, 4, 9, 10]; however, the clinical presentation of

COVID-19 seems to be similar in both the general population and pregnant women [3, 11].

Current data are not sufficient to determine whether vertical transmission is possible, how

large the potential infection is by asymptomatic pregnant women to the general population, or

whether COVID-19 leads to an increase in postpartum mortality. In addition, the epidemio-

logical and clinical characteristics and immune profile of pregnant women with COVID-19

have been poorly explored. As it is in the general population, lymphopenia is also reported in

pregnant women with COVID-19 [12]. Parameters such as neutrophil count are useful for

COVID-19 diagnosis [13]. Furthermore, an increased neutrophil/lymphocyte ratio has been

associated with fatal outcomes in COVID-19 patients [14–17]. Several studies indicate that leu-

cocyte count is necessary for the initial evaluation of COVID-19 patients; however, a detailed

phenotypic analysis of leucocytes could improve our knowledge of SARS-CoV-2 infection,

especially in pregnant women.

Several humoral components of the immune response are involved in COVID-19; among

them, inflammatory cytokines/chemokines have been observed in high serum concentrations

in the general population, and the higher the concentration is, the worse the clinical status [18,

19]. Cytokines and chemokines are key regulators in the physiological immune response and

in COVID-19. SARS-CoV induces low expression of IFN-α, IFN-β and IL-10, moderate

expression of TNF-α and IL-6, and high expression of CCL3, CCL5, CCL-2 and CXCL10 [20,

21]. In addition, SARS-CoV protein S induces CCL2 and CXCL8 synthesis in vitro [22, 23].

COVID-19 patients show higher concentrations of IL-2, IL-7, IL-10, G-CSF, IP10 (CXCL10),

MCP-1 (CCL2), MIP1a (CCL3) and TNF-α than non-COVID-19 patients [18]. The sources of

these cytokines/chemokines are diverse and could include lung epithelial cells, endothelial

cells, and leucocytes [24–26].

The COVID-19-derived inflammatory response in pregnancy could disturb the delicate

immune balance in cellular components. Some surface molecules on cells can modulate leuco-

cyte activation and function and, in pregnancy, also trigger regulator systems that may prevent

both fetal rejection and the inflammatory response. CD39 and CD73 are ectonucleotidases

that metabolize ATP to adenosine, which drives immune profiles from proinflammatory to

anti-inflammatory [27]. Additionally, CD39 downregulation is associated with poor
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pregnancy outcomes [28]. Analysis of CD39 and CD73 in COVID-19 patients showed a

decrease in CD8+CD73+ T cells, and NKT cells correlated with ferritin levels and were poten-

tial useful prognostic markers in COVID-19 [29]. Additionally, lower plasma ATP and adeno-

sine levels were identified in mild and severe COVID-19 patients, higher frequencies of CD4

+CD39+ cells in severe COVID-19 patients, and diminished frequencies of CD4+CD73+ and

CD8+CD73+ cells in severe COVID-19 patients compared to mild COVID-19 patients and

controls [30]. However, no evidence of the CD39/73 system has been reported in pregnant

women with COVID-19.

To analyze the immune profile in P-COVID-19+, a cross-sectional study was conducted.

Our analysis includes a) the immunophenotype of lymphocytes and monocytes expressing

activation markers, b) serum cytokine/chemokine concentration, and c) the proportion of

cytokine-producing leucocytes in response to polyclonal stimuli. Herein, we explored cellular

and humoral characteristics that may improve the understanding of the immunopathophysiol-

ogy of pregnant women with COVID-19.

Material and methods

Patients

This study was conducted by the "Servicio de Ginecologı́a y Obstetricia” at the Hospital Gen-

eral de Mexico “Dr. Eduardo Liceaga” in conjunction with the Unidad de Investigación Méd-

ica en Inmunoquı́mica (UIMIQ) at the Hospital de Especialidades, Centro Médico Nacional

Siglo XXI, and the Servicio de complicaciones de la segunda mitad del embarazo, División

Obstetricia, UMAE Hospital de Gineco-Obstetricia No. 4 “Dr. Luis Castelazo Ayala”. The

study was evaluated by the National Committee for Scientific Research (CNIC) with the fol-

lowing approval numbers: Research project: DI / 20112/04/45, and R-2020-785-095. After

obtaining a signed informed consent letter, forty-four women were enrolled and assigned to

one of three groups: a) NP-COVID-19+, n = 15, b) P-COVID-19+, n = 15, and c) P-COVID-

19-, n = 13. The COVID-19 diagnosis was based on clinical characteristics [31], and SARS--

CoV-2 viral infection was confirmed by specific reverse transcription–polymerase chain reac-

tion. Comorbidities and clinical features were recorded.

Blood sample collection

Our study is in accordance with the World Medical Association’s Declaration of Helsinki.

After a patient signed the informed consent letter, blood specimens were collected in silicone-

coated tubes (EDTA or heparinized tubes, BD Vacutainer, N. J, USA). Samples were processed

immediately after collection.

Leucocyte immunophenotyping

Whole blood samples (50 μL) were incubated with titrated volumes of antibodies according to

the following panel: anti-CD45-PerCP (Clone:HI30), anti-CD3-AF647 (Clone:UCHT1), anti-

CD14-PECy7 (Clone:M5E2), anti-CD16-FITC (Clone:3G8), anti-CD19-APC/Cy7 (Clone:

HIB19), anti-CD73-PE (Clone:AD2), anti-CD39-BV421 (Clone:A1), anti-CD4-APC/Cy7

(Clone:OKT4), anti-CD8-PE/Dazzle594 or BV510 (Clone:SK1), anti-CD69-BV421 (Cone:

FN50), anti-HLA-DR-AF488/PE/Dazzle594 (Clone:L243), and dead cells with Zombie Aqua

fixable viability kit (all reagents from BioLegend, San Diego, CA). After 15 minutes of incuba-

tion, erythrolysis was performed using FACS™ Lysing Solution (Cat. 349202, BD, San Jose, CA,

USA). Samples were washed once with 1x PBS (1,500 rpm, 5 minutes, 4˚C) and resuspended

in PBS (100 μL). At least 30,000 leucocytes (CD45+ cells) were acquired in a FACSAria IIu
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flow cytometer (BD Biosciences, San José, CA, USA). The FACS files were analyzed with Infi-

nicyt™ software 1.8 (Cytognos, Salamanca, Spain). Single cells were defined with an FSC-A vs.

FSC-H plot, and leucocytes were identified using an SSC vs. CD45 plot. Lymphocytes were

gated as SSClowFSClowCD45++CD14-, monocytes as SSCmidFSCmidCD45+CD14+, and neutro-

phils as SSCmidFSCmidCD45+CD16+. Lymphocyte subtypes were identified according to CD19

+ (B cells) and CD3+ (T cells), which could be CD4+ (Th) or CD8+ (Tc). The percentages and

mean fluorescence intensities (MFIs) of HLA-DR, CD69, CD39, CD73, CD32 and CCR5 were

calculated.

Polyclonal stimulation

Whole heparinized blood (10x109 cells/mL/well) was incubated (4 hours at 37˚C with 5%

CO2) alone in 24-well culture plates (Cat 13485, Costar, NY, USA), with human recombinant

IL-6 (human rIL-6, 100 ng/mL), or with Escherichia coli O55:B5 lipopolysaccharide (LPS 250

ng/mL, Cat. L2880, Sigma Aldrich, St. Louis, MO, USA) or with phorbol myristate acetate/

ionomycin (PMA 50 ng/mL, ion 1 mg/mL). The supernatant was recovered and stored at

-20˚C until cytokine and chemokine assessment. Independently, some of the samples were

incubated with the stimuli described above in the presence of brefeldin-A (Cat. 420601, BioLe-

gend, San Diego, CA, USA). Afterward, intracellular phenotyping was performed.

Intracellular cytokine detection

After cell culture, whole blood samples (10x105 cells/mL) were incubated with the following

panel: antibodies from BioLegend, San Diego, CA, USA: anti-CD45-PerCP (Clone: HI30),

anti-CD3-AF647 (Clone: UCHT1), anti-CD14-PECy7 (Clone: M5E2), anti-CD4-APC/Cy7

(Clone: OKT4), anti-CD8-PE/Dazzle594 or BV510 (Clone: SK1). After 15 min in the dark,

blood was washed once with PBS (1 mL) by centrifugation at 900×g for 5 min at room temper-

ature (RT); then, Fixation buffer was added (100 μL, Cat: 420801, BioLegend, San Diego, CA,

USA), and the samples were incubated for 20 min. Then, samples were washed twice with 1

mL of Intracellular Staining Perm Wash buffer (Cat: 421002, BioLegend, San Diego, CA,

USA); after the second wash, they were mixed with monoclonal antibodies against cytokines

from BioLegend, San Diego, CA, USA: anti-TNFα-BV421 (Clone: MAb11), anti-IL-6-PE

(MQ2-13A5), anti-IL-1β-FITC (Clone:JK1B-1), anti-IFNγ-BV421 (Clone:4S. B3), anti-IL-8a-

PE (Clone: E8N1). For the exclusion of dead cells, a Zombie Aqua fixable viability kit (BioLe-

gend, San Diego, CA, USA) was added and incubated for 30 min at RT. Last, the mixture was

washed once with PBS. At least 30,000 events were acquired in a FACSAria IIu (BD, San Jose

CA) flow cytometer. Analysis was performed using Infinicyt™ Software 1.8.

Soluble cytokine/chemokines quantification

Serum or cell culture supernatant was analyzed as follows: cytokines (IL-2, IL-4, IL-6, IL-10,

TNF-α, IFN-γ, and IL-17a) and chemokines (CXCL8/IL-8, CXCL10/IP-10, CCL11/Eotaxin,

CCL17/TARC, CCL2/MCP-1, CCL5/RANTES, CCL3/MIP-1a, CXCL9/MIG, CXCL5/ENA-

78, CCL20/MIP-3a, CXCL1/GROa, CXCL11/I-TAC and CCL4/MIP-1b) were determined

using bead-based immunoassays (CBA kit, Cat. 560484, BD Pharmingen, San Diego, CA,

USA; and LEGENDplex, Cat. 740003, BioLegend, San Diego, CA, USA, respectively). Log-

transformed data were used to construct standard curves fitted to 10 discrete points using a

4-parameter logistic model. The concentration of each cytokine/chemokine was calculated

using interpolations of their corresponding standard curves.
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Statistical analysis

Statistical analysis was performed using GraphPad Prism1 version 7 software (GraphPad Soft-

ware, San Diego, CA, USA). Nonparametric ANOVA (Kruskal–Wallis test) with Dunn’s post-

test was applied. Categorical variables were expressed as percentages (% and compared by

Fisher’s exact test. A p<0.05 was considered statistically significant.

Results

We compared P-COVID-19+, NP-COVID-19+ and clinically healthy pregnant women

(P-COVID-19-) to assess the immune profile. Table 1 shows the demographic and clinical fea-

tures. Pregnant women with or without COVID-19 had similar maternal and gestational ages.

Additionally, the frequency of comorbidities (diabetes mellitus and systemic arterial hyperten-

sion) was similar among the groups. Some clinical characteristics, such as heart rate and sero-

logical lactate dehydrogenase (LDH) concentration, were higher in the P-COVID-19+ patients

than in the P-COVID-19- patients (p = 0.048 and p = 0.005, respectively). No significant

Table 1. Clinical and laboratory characteristics.

NP-COVID-19+ (n = 9–15)a P-COVID-19+ (n = 8–15)b P-COVID-19- (n = 13)c p
Age (years) 34.1±7 28±7.1 25.6±5.7 a vs. c 0.006

BMI 31.6±6.9 30.0±6.3 28.0±3.5 0.356

Respiratory Rate (breaths per min) 23±3.8 22.1±6.8 18.6±1.1 a vs. c 0.005

Heart Rate (beats per min) 91.2±25.1 97.3±19.6 77.7±7.5 b vs. c 0.048

Temperature (˚C) 36.9±1.2 36.7±0.7 36.3±0.2 0.081

Mean Arterial Pressure (mmHg) 159.5±17.4 153.2±15.4 157.1±13.3 0.631

Hemoglobin 13±2.7 12.6±2.0 11.9±1.1 0.070

Leucocytes (10xmm3) 8.6±4 11.1±3.2 8.4±2.3 0.140

NLR 11.8±11.7 5.1±1.9 3.7±1.2 a vs. c 0.009

PLT (10xmm3) 272.3±99.2 327.2±218.1 232.8±45.4 0.548

Glucose (mg/dL) 122.5±51.8 91.1±20.1 89.3±12.5 0.170

Urea (mg/dL) 30.9±20.4 17.4±5.7 18.3±5.9 a vs. b 0.040

a vs. c 0.027

Creatinine (mg/dL) 0.7±0.3 1.0±1.1 0.5±0.2 a vs. c 0.009

LDH (U/L) 804.9±1389 582.8±510.8 269.7±90.4 b vs. c 0.005

PT (seconds) 15.2±3.3 11.5±1.1 11±0.4 a vs. b 0.011

a vs. c 0.0002

PTT (seconds) 31.2±4.6 30.9±4 29.5±3.3 0.595

D-Dimer (ng/mL) 3.9±6.9 1513±1474 3215±1247 a vs. b 0.028

a vs. c <0.0001

Fibrinogen (mg/dL) 662.7±167.5 693.9±186.3 566.2±103.4 0.195

Oxygen saturation (%) 88.4±13.3 91.1±5.6 98.5±0.5 a vs. c 0.049

Diabetes 2 3 1 0.614

Hypertension 1 2 0 0.375

Obesity 5 6 0 0.037

Gestational age (Weeks) — 31.4±5.7 35.3±4.8 0.069

2nd trimester — 2 1 Ns

3rd trimester — 13 12 Ns

Non-Pregnant COVID-19+ (NP-COVID-19+), Pregnant COVID-19+ (P-COVID-19+), Pregnant COVID-19- (P-COVID-19-). BMI; Body Mass Index. NLR;

Neutrophil/Lymphocyte Ratio. Kruskal–Wallis test and Dunn’s multiple comparisons test. Significant p<0.05. Mean±SD.

https://doi.org/10.1371/journal.pone.0264566.t001
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difference was observed between the P-COVID-19+ and P-COVID-19- patients for age, BMI,

respiratory rate, body temperature, mean arterial pressure (MAP), hemoglobin, total leucocyte

count, neutrophil/lymphocyte ratio (NLR), total platelet count, serum glucose, serum creati-

nine, partial thromboplastin time or fibrinogen. Diminished oxygen saturation levels were

observed in the COVID-19+ pregnant and nonpregnant patients, but without significant dif-

ferences among them. Regarding D-dimer concentrations, higher levels were observed in the

P-COVID-19+ than in the NP-COVID-19+ patients; however, the highest D-dimer concentra-

tion was found in those patients with physiological pregnancy. We did not observe differences

among groups in total leucocyte count or in subtypes of leucocytes identified by flow cytome-

try (S1 Table). However, the lowest percentage of lymphocytes was observed in the NP-CO-

VID-19+ patients.

Table 2 shows the frequency of symptoms in those patients with and without COVID-19.

The pregnant women with COVID-19 had a similar frequency of symptoms such as cough,

myalgia, arthralgia and dyspnea as the NP-COVID19+ group. The most frequent symptoms in

the pregnant patients with COVID-19 were cough, myalgia, and arthralgia.

Using flow cytometry, we analyzed the cellular phenotype in the COVID-19 patients. The

proportion of leucocytes with an activated phenotype (HLA-DR+ or CD69+) or inflammatory

modulators (CD39+ or CD73+) was determined in peripheral blood samples. Fig 1A shows a

lower proportion of monocytes HLA-DR+ in the pregnant COVID-19+ patients compared to

the pregnant COVID-19- patients (p = 0.013). No differences were observed between the preg-

nant and nonpregnant COVID-19+ patients (p = 0.481). In contrast, CD4 or CD8 T lympho-

cyte HLA-DR+ or CD8+CD69+ cells were similar among the groups (S2 Table). Regarding

CD39 expression in leucocytes (Fig 1B–1D), the percentage of monocytes CD39+ was signifi-

cantly higher in the P-COVID-19+ than in NP-COVID-19+ patients (p = 0.007), and higher

frequencies of B cells CD39+ (Fig 1C, p = 0.089), and lower T cells CD39+ (Fig 1D, p = 0.111)

in the P-COVID-19+ than in NP-COVID-19+ patients.

Regarding CD73 (Fig 1E–1G), we found a lower percentage of CD73+ monocytes in the

P-COVID-19+ than in the NP-COVID-19+ patients, without statistical significance (Fig 1E,

p = 0.091). Despite pregnancy or COVID-19, similar percentages of CD73+ B and T cells were

observed (Fig 1F, p>0.9 and Fig 1G, p = 0.501, respectively).

To explore leucocyte functionality, we analyzed IL-6, IFN-γ or IL-1β production by lym-

phocytes and monocytes after 4 hours of culture in the presence of human rIL-6 (100 ng/mL).

Additionally, PMA/Ion, (50 ng/mL & 1 mg/mL) or LPS (250 ng/mL) was used as a polyclonal

stimulus. Fig 2 shows that human rIL-6 did not increase the percentages of CD4+IL-6+, CD4

+IFN-γ+, CD8+IL-6+, or CD8+IFN-γ+ T lymphocytes (Fig 2B, 2E, 2H and 2K). In the

Table 2. Frequency of COVID-19 signs and symptoms.

NP-COVID-19+ (n = 15)a P-COVID-19+ (n = 13)b P-COVID-19- (n = 12)c P
Cough 10 9 0 0.001

Rhinorrhea 4 6 0 0.038

Odynophagia 5 3 0 0.092

Myalgia 10 8 0 0.001

Arthralgia 7 7 0 0.012

Anosmia 2 1 0 0.417

Dyspnea 11 6 0 0.0006

Diarrhea 3 1 0 0.202

Non-Pregnant COVID-19+ (NP-COVID-19+), Pregnant COVID-19+ (P-COVID-19+), Pregnant COVID-19- (P-COVID-19-). Fisher’s exact test. Significant p<0.05.

https://doi.org/10.1371/journal.pone.0264566.t002
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presence of human rIL-6, only 5% of the T cells expressed IL-6 or IFN-γ, a percentage similar

to that of whole blood alone (Fig 2A, 2D, 2G and 2J). In addition, in response to PMA/Ion, the

percentage of CD4+IL-6+ T lymphocytes was higher in the P-COVID-19+ group than in the

P-COVID-19- group (Fig 2C). This response was not observed in the CD8+IL-6+ cells (Fig

2I). In addition, PMA/Ion stimulus increased the percentage of CD4+ IFN-γ+ and CD8+IFN-

γ+ cells in the pregnant women with and without COVID-19 (Fig 2F and 2L), and a lower

response was observed in the NP-COVID-19+ group. These differences did not reach statisti-

cal significance.

The proportion of IL-1+ monocytes or IL-6+ monocytes reached less than 10% in the

groups without stimuli (Fig 2M and 2P), and human rIL-6 increased the percentage of mono-

cytes IL-1+ and IL-6+ by 5–10%. Finally, the percentages of IL-1+ and IL-6+ monocytes after

LPS challenge were similar among the groups (Fig 2Q and 2R), and after LPS stimulation, all

patients reached 60–80% IL-1+ monocytes and 30–50% IL-6+ monocytes.

To determine the serum concentrations of cytokines/chemokines, collected samples were

analyzed and compared among groups. The TNF-α, IL-6, MIP1b and IL-4 concentrations

were higher in the P-COVID-19+ than the P-COVID-19- patients (Fig 3A, 3B, 3D and 3E).

Additionally, these cytokines were at higher concentrations in the P-COVID-19+ than the

NP-COVID-19+ patients; however, they did not reach a significant difference. Another che-

mokine, CXCL10 (IP10), showed a higher concentration in the P-COVID-19+ than the

P-COVID-19- patients, although it did not reach a statistically significant difference (Fig 3C,

p = 0.163). S1 Fig shows other cytokines/chemokines that showed similar concentrations

Fig 1. Surface marker on leucocytes. Whole blood cells were immunophenotyped as described in the methods. The results are expressed as

the mean±SD. Significance value was p<0.05. Kruskal–Wallis and Dunn’s multiple comparisons tests were calculated. Non-Pregnant

COVID-19 positive (NP-COVID-19+, n = 4–9). Pregnant COVID-19 positive (P-COVID-19+, n = 10–15). Pregnant COVID-19 negative

(P-COVID-19-, n = 12–13). The dotted line indicates the percentage of monocytes, B cells and T cells that constitutively express CD39 [32].

https://doi.org/10.1371/journal.pone.0264566.g001
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between and among groups, including CXCL8, CCL11, CCL17, CCL2, CCL5, CCL3, CXCL9,

CXCL5, CCL23, CXCL1, CXCL11, IL-17a, IFN-γ and IL-10.

To determine whether leucocytes from P-COVID19+ patients could secrete cytokines/che-

mokines in response to polyclonal challenge, whole blood was incubated with IL-6, PMA/

ionomicin or LPS, and the supernatant was recovered after 4 hours. Fig 4 shows that in

medium alone, the TNF-α, IFN-γ, CCL3, CCL4, IL-17a, CCL23, CXCL8 and IL-10 concentra-

tions were similar among the groups (Fig 4A–4H). Human rIL-6 induced a higher concentra-

tion of TNF-α and CCL3 than medium alone (Fig 4A and 4B). Additionally, LPS induced

higher concentrations of TNF-α, CCL3, CCL4, CCL23 and CXCL8 than medium alone, and

these differences reached high significance (p<0.0001). Finally, PMA/ion stimulus induced

higher concentrations of CCL3, CCL4, IL-17a, CCL23, CXCL-8 and IL-10 in the groups than

Fig 2. Percentage of cytokine-positive leucocytes. Whole blood cells were immunophenotyped as described in the

methods. The results are expressed as the mean±SD. Significance value was p<0.05. Kruskal–Wallis and Dunn’s

multiple comparisons tests were calculated. Non-Pregnant COVID-19 positive (NP-COVID-19+, n = 5–6). Pregnant

COVID-19 positive (P-COVID-19+, n = 12–15). Pregnant COVID-19 negative (P-COVID-19-, n = 12–13).

https://doi.org/10.1371/journal.pone.0264566.g002
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medium alone (p<0.0001). However, PMA/Ion did not induce an increase in IFN-γ concen-

tration in the groups, and the lowest response was observed in the NP-COVID-19+ group.

Although the IFN-γ concentration was higher in the pregnant women with and without

COVID-19 than in the NP-COVID-19+ group, no statistically significant difference was

achieved (both p>0.9). Additionally, S2 Fig shows that the polyclonal stimulus did not induce

an increase in the concentrations of CCL11, CCL17, CCL2, CCL5, CXCL9, CXCL5, CXCL1,

CXCL11, IL-4 or IL-2.

Discussion

During pregnancy, the immune system is highly regulated. Multiple mechanisms of immune

tolerance develop during gestation and favor physiological progress in reproduction [8]. Any

Fig 3. Cytokine/chemokine serum concentration. Serum was isolated, and cytokine/chemokine concentrations were determined using

bead-based immunoassays as described in the methods. The results are expressed as the mean±SD. Significance value was p<0.05. Kruskal–

Wallis and Dunn’s multiple comparisons tests were calculated. Non-Pregnant COVID-19 positive (NP-COVID-19+, n = 13). Pregnant

COVID-19 positive (P-COVID-19+, n = 14–15). Pregnant COVID-19 negative (P-COVID-19-, n = 13).

https://doi.org/10.1371/journal.pone.0264566.g003
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viral infection poses a high risk of increasing fetal-maternal morbimortality partially by dereg-

ulation of cellular and humoral immune responses. Villar et al. reported a greater probability

of morbidity and mortality in P-COVID-19+ than in P-COVID-19- patients [2]. However, we

found no differences in clinical manifestations or laboratory values between P-COVID-19

+ and P-COVID-19- patients. Additionally, we did not observe differences in several clinical

features related to chronic inflammatory response (BMI/fibrinogen) or metabolic/renal status

(glucose, creatinine, DHL). This perception could result from the limited number of observa-

tions. However, we observed some differences between pregnant and nonpregnant women,

such as a higher serum urea concentration, a longer PT time, and a lower concentration of D-

dimer in NP-COVID-19+ than in P-COVID-19+ or P-COVID-19- patients. In pregnancy,

such differences occur because of the continuous and physiologic activation of the coagulation

Fig 4. Cytokine/chemokine response after 4 hours of culture with polyclonal stimulus in pregnant and nonpregnant women with or without

COVID-19. The supernatant was collected, and cytokine/chemokine concentrations were determined using bead-based immunoassays as

described in the methods. The results are expressed as the mean±SD. Significance value was p<0.05. Kruskal–Wallis and Dunn’s multiple

comparisons tests were calculated. Non-Pregnant COVID-19 positive (NP-COVID-19+, n = 3). Pregnant COVID-19 positive (P-COVID-19+,

n = 8–10). Pregnant COVID-19 negative (P-COVID-19-, n = 12). WB, Whole Blood.

https://doi.org/10.1371/journal.pone.0264566.g004
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system [33]; the longer PT time and lower D-dimer concentration in the NP-COVID-19+ con-

dition could represent the worst adaptation of the pathophysiologic response in SARS-CoV-2

infection. Accordingly, there are few reports of coagulopathy in P-COVID-19+ patients [34].

In contrast, a higher D-dimer concentration has been reported in the general population,

which correlates with a high frequency of fatal outcomes [35–37]. Interestingly, we observed

similar D-dimer concentrations in P-COVID-19+ and P-COVID-19- patients, suggesting that

in pregnant women, D-dimer concentration may not be a good predictor for severity or

thromboembolic risk [38]. Nevertheless, a larger number of observations within a longitudinal

study is needed to assess the usefulness of D-dimer concentration as a predictor in pregnant

women with COVID-19.

We observed a lower proportion of HLA-DR+ monocytes in COVID-19+ women with and

without pregnancy (Fig 1A), and this lower proportion has also been observed in septic

patients with critical conditions or fatal outcomes [39, 40]. The lower percentage of HLA-DR

+ monocytes in COVID-19 could represent the downregulation process of the immune

response by SARS-CoV-2, which helps viruses evade immunity, or could be a physiologic

mechanism that controls activation of the immune system to avoid overstimulation. More

studies are necessary to answer these questions.

An early activation marker (CD69) was also analyzed in our study. We found a similar

result for CD69+ cells in both CD4 and CD8 lymphocytes in pregnant and nonpregnant

COVID-19 patients (S2 Table). In contrast, a high percentage of CD69+ lymphocytes is

observed in pregnant patients with AH1N1 influenza, another respiratory virus challenge that

leads to unregulated inflammation in the lungs [41]. These data suggest that depending on the

virus that infects pregnant women, different leucocytes become activated, which may require

modifications in medical treatment to obtain better results.

Pregnancy is a unique immunological condition, and viral infection represents a major

challenge that could alter the immune balance. Innate and acquired responses are participants

of a highly regulated immune response in pregnancy [6, 8]. CD39 and CD73 are ectoenzymes

that sequentially metabolize ATP to adenosine, leading to an anti-inflammatory response [27,

32]. Dorneles et al. showed a higher percentage of CD4+CD39+ cells in severe COVID-19

patients than in healthy controls and a lower percentage of CD4+CD73+ cells than in controls

[30], suggesting that this could be a useful marker to follow progression in the general popula-

tion with COVID-19. Our results showed that the percentage of CD39+ or CD73+ B or T cells

was not significantly modified by the effects of pregnancy or COVID-19 infection (Fig 1).

However, we observed higher percentages of CD39+ monocytes and a lower percentage of

CD73+ cells in both pregnant women with and without COVID-19 than in nonpregnant

COVID-19+ women (Fig 1). Therefore, pregnant women may modulate inflammation

through CD39+ or CD73+ monocytes; these monocytes, as suggested for the general popula-

tion, could be a potential marker to monitor the evolution of pregnant women hospitalized for

COVID-19. Since early growth and remodeling occur in pregnancy, several opportunities to

release alarmins (such as ATP) are quite possible; in this regard, CD39- and CD73-positive

cells could be useful to maintain the regulation of inflammation. Whether this mechanism

could also be involved in limiting the inflammatory response in pregnant women with asymp-

tomatic SARS-CoV-2 infection or in mild COVID-19 has to be elucidated.

Activated leucocytes are a potential source of proinflammatory or regulatory cytokines in

the peripheral blood of COVID-19 patients. We determined the percentages of IL-1β+, IL-6

+ and IFN-γ leucocytes after 4 hours of culture with or without polyclonal stimulation. CD4

+IL-6+ or IFN-γ+, CD8+IL-6+ or IFN-γ+ lymphocytes and IL-1β+ or IL-6+ monocytes did

not reach more than 5% of circulating cells, indicating a low baseline of leucocyte producers

for these cytokines in blood. After stimulation with human rIL6, there was no significant
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increase in IL-1β, IL-6 or IFN-γ lymphocyte or monocyte producers, suggesting that human

rIL-6 in COVID-19 patients may not induce the synthesis of proinflammatory cytokines by

circulating leucocytes. Polyclonal stimulation with LPS increases the percentage of IL-1β+ or

IL-6+ monocytes, and PMA/Ion increases the proportion of CD4+IFN-γ+ and CD8+IFN-γ
+ T cells, indicating that despite pregnancy or SARS-CoV-2 infection, mononuclear cells are

not anergic and retain the ability to express a cytokine response. We observed a trend toward

an increase in the percentage of IL-6+ monocytes and a decrease in the percentage of CD4

+IFN-γ+ and CD8+IFN-γ+ lymphocytes in COVID-19 patients, indicating that mononuclear

cells support a high concentration of IL-6 and a low response to IFN-γ.

Serological TNF-α, IL-6, CCL4 and IL-4 levels were higher in P-COVID-19+ than in

P-COVID-19-, although TNF-α was significantly higher in P-COVID-19+ than in P-COVID-

19- (Fig 3A). Interestingly, we also found the highest concentration of IL-4 in the P-COVID-

19+ and reached a statistically significant difference with P-COVID-19+ (p = 0.025) and

P-COVID-19- (p = 0.012). Our results indicate a similar proinflammatory profile in COVID-

19+ patients with or without pregnancy and probably regulated at least partially by IL-4 in

pregnant women. Additionally, syncytiotrophoblasts in the human placenta secrete vesicle-

enclosed microRNAs that could limit viral infections [42]. It has been reported that Let-7 is a

miRNA expressed in human cells, let-7a and let-7c inhibit the expression of IL-6, and the

increase in the levels of let-7-5p and let-7-3p reduces the expression of IL-1β, IL-8, CCL2 and

GM-CSF in cell lines [43]. These results open the possibility that the human placenta regulates

cytokine storms in SARS-CoV-2 through miRNAs by the placenta, and more studies are nec-

essary to probe this hypothesis. Some reports have shown that the CXCL10 concentration in

serum is associated with poor prognosis in COVID-19+ patients [18]. In contrast, we observed

lower CXCL10 concentrations in pregnant COVID-19+ patients than in NP-COVID-19

+ patients. This suggests that the immune response in pregnancy is less severe than in the gen-

eral population.

After polyclonal stimulation, the basal and leucocyte responses showed a similar production

of cytokines among the groups (Fig 4), indicating that although COVID-19 peripheral leuco-

cytes have a similar capacity to produce cytokines and suggesting that no anergy or hyperre-

sponse is supported by SARS-CoV-2 infection in leucocytes, hypercytokinemia in COVID-19

could depend not only on leucocytes but also on an alternate source, such as endothelial cells.

Human rIL-6 stimulus caused an increase in some cytokines, such as TNF-α and CCL3, indi-

cating that IL-6 signaling favors the synthesis of some cytokines but not the entire set of cyto-

kines related to the so-called cytokine storm. In addition, the response to IL-6 in COVID-19

seems to be similar in the presence or absence of pregnancy, indicating that pregnancy does

not necessarily aggravate the proinflammatory responses (at least the leucocyte responses) in

COVID-19. To explore whether the leucocyte response is limited by COVID-19, we stimulated

cells with LPS or PMA/Ion, and a clear proinflammatory response with cytokines such as

TNF-α, CCL3, CCL4, IL-17a, CCL23 and CXCL8 was detected in the supernatant, indicating

that leucocytes are not anergic. It has been proposed that immunosuppression rather than a

hypercytokine response in COVID-19 could support the pathophysiology [44]. Our results

indicate that peripheral blood leucocytes from pregnant women with COVID-19 are capable

of expressing a similar response to those from healthy pregnant women.

The main limitation of the present study is the limited number of patients and observations.

A greater number of observations is required to reach more certain conclusions. However, the

reproducibility and consistency of these results back our analysis. We propose that CD39/CD73

expression in leucocytes, mainly monocytes, could be a candidate to monitor the evolution of

COVID-19. On the other hand, unlike in the general population, D-dimer concentrations in

pregnant women are not necessarily a marker for severity or thromboembolic risk. Our
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findings showed that the immune profile in pregnant women was similar to that in nonpreg-

nant women when both were hospitalized for COVID-19. Nevertheless, the slight differences in

peripheral leucocyte immunophenotypes suggest that pregnancy elicited pathophysiological

mechanisms during COVID-19 infection that require future studies to be clarified.

Supporting information

S1 Table. Percentage of leucocytes after 4 hours of medium culture in pregnant and non-

pregnant women with or without COVID-19.

(TIF)

S2 Table. Surface of activation markers on leucocytes in pregnant and nonpregnant

women with or without COVID-19.

(TIF)

S3 Table. Cytokine-positive leucocyte percentage after 4 hours of polyclonal stimulus in

pregnant and nonpregnant women with or without COVID-19.

(TIF)

S1 Fig. Similar cytokine/chemokine serum concentrations in pregnant and nonpregnant

women with or without COVID-19. Serum was isolated, and cytokine/chemokine concentra-

tions were determined using bead-based immunoassays as described in the methods. The

results are expressed as the mean±SD. Significance value was p<0.05. Kruskal–Wallis and

Dunn’s multiple comparisons tests were calculated. Non-Pregnant COVID-19 positive

(NP-COVID-19+, n = 13). Pregnant COVID-19 positive (P-COVID-19+, n = 15–16). Preg-

nant COVID-19 negative (P-COVID-19-, n = 13).

(TIF)

S2 Fig. Similar cytokine/chemokine response after 4 hours of culture with polyclonal stim-

ulus in pregnant and nonpregnant women with or without COVID-19. The supernatant

was collected, and cytokine/chemokine concentrations were determined using bead-based

immunoassays as described in the methods. The results are expressed as the mean±SD. Signifi-

cance value was p<0.05. Kruskal–Wallis and Dunn’s multiple comparisons tests were calcu-

lated. Non-Pregnant COVID-19 positive (NP-COVID-19+, n = 3). Pregnant COVID-19

positive (P-COVID-19+, n = 9–10). Pregnant COVID-19 negative (P-COVID-19-, n = 12).

WB, Whole Blood.

(TIF)

S1 Data.
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Padilla, C. López-Macı́as.

References
1. Berhan Y. What immunological and hormonal protective factors lower the risk of COVID-19 related

deaths in pregnant women? J Reprod Immunol. 2020; 142:103180. Epub 2020/08/03. https://doi.org/

10.1016/j.jri.2020.103180 PMID: 32739645

2. Villar J, Ariff S, Gunier RB, Thiruvengadam R, Rauch S, Kholin A, et al. Maternal and Neonatal Morbidity

and Mortality Among Pregnant Women With and Without COVID-19 Infection: The INTERCOVID Multi-

national Cohort Study. JAMA Pediatr. 2021. Epub 2021/04/23. https://doi.org/10.1001/jamapediatrics.

2021.1050 PMID: 33885740

3. Zambrano LD, Ellington S, Strid P, Galang RR, Oduyebo T, Tong VT, et al. Update: Characteristics of

Symptomatic Women of Reproductive Age with Laboratory-Confirmed SARS-CoV-2 Infection by Preg-

nancy Status—United States, January 22-October 3, 2020. MMWR Morb Mortal Wkly Rep. 2020; 69

(44):1641–7. Epub 2020/11/06. https://doi.org/10.15585/mmwr.mm6944e3 PMID: 33151921

4. Delahoy MJ, Whitaker M, O’Halloran A, Chai SJ, Kirley PD, Alden N, et al. Characteristics and Maternal

and Birth Outcomes of Hospitalized Pregnant Women with Laboratory-Confirmed COVID-19—COVID-

NET, 13 States, March 1-August 22, 2020. MMWR Morb Mortal Wkly Rep. 2020; 69(38):1347–54.

Epub 2020/09/25. https://doi.org/10.15585/mmwr.mm6938e1 PMID: 32970655

5. Silasi M, Cardenas I, Kwon JY, Racicot K, Aldo P, Mor G. Viral infections during pregnancy. Am J

Reprod Immunol. 2015; 73(3):199–213. Epub 2015/01/15. https://doi.org/10.1111/aji.12355 PMID:

25582523

6. Alberca RW, Pereira NZ, Oliveira L, Gozzi-Silva SC, Sato MN. Pregnancy, Viral Infection, and COVID-

19. Front Immunol. 2020; 11:1672. Epub 2020/08/01. https://doi.org/10.3389/fimmu.2020.01672 PMID:

32733490

7. PrabhuDas M, Piper JM, Jean-Philippe P, Lachowicz-Scroggins M. Immune Regulation, Maternal Infec-

tion, Vaccination, and Pregnancy Outcome. J Womens Health (Larchmt). 2021; 30(2):199–206. Epub

2020/11/25. https://doi.org/10.1089/jwh.2020.8854 PMID: 33232632

8. Arck PC, Hecher K. Fetomaternal immune cross-talk and its consequences for maternal and offspring’s

health. Nature medicine. 2013; 19(5):548–56. Epub 2013/05/09. https://doi.org/10.1038/nm.3160

PMID: 23652115.

PLOS ONE Immune profile in pregnant women with COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0264566 July 28, 2022 14 / 16

https://doi.org/10.1016/j.jri.2020.103180
https://doi.org/10.1016/j.jri.2020.103180
http://www.ncbi.nlm.nih.gov/pubmed/32739645
https://doi.org/10.1001/jamapediatrics.2021.1050
https://doi.org/10.1001/jamapediatrics.2021.1050
http://www.ncbi.nlm.nih.gov/pubmed/33885740
https://doi.org/10.15585/mmwr.mm6944e3
http://www.ncbi.nlm.nih.gov/pubmed/33151921
https://doi.org/10.15585/mmwr.mm6938e1
http://www.ncbi.nlm.nih.gov/pubmed/32970655
https://doi.org/10.1111/aji.12355
http://www.ncbi.nlm.nih.gov/pubmed/25582523
https://doi.org/10.3389/fimmu.2020.01672
http://www.ncbi.nlm.nih.gov/pubmed/32733490
https://doi.org/10.1089/jwh.2020.8854
http://www.ncbi.nlm.nih.gov/pubmed/33232632
https://doi.org/10.1038/nm.3160
http://www.ncbi.nlm.nih.gov/pubmed/23652115
https://doi.org/10.1371/journal.pone.0264566


9. Rodriguez-Morales AJ, Cardona-Ospina JA, Gutierrez-Ocampo E, Villamizar-Pena R, Holguin-Rivera

Y, Escalera-Antezana JP, et al. Clinical, laboratory and imaging features of COVID-19: A systematic

review and meta-analysis. Travel Med Infect Dis. 2020; 34:101623. Epub 2020/03/18. https://doi.org/

10.1016/j.tmaid.2020.101623 PMID: 32179124

10. Petrakis D, Margina D, Tsarouhas K, Tekos F, Stan M, Nikitovic D, et al. Obesity a risk factor for

increased COVID19 prevalence, severity and lethality (Review). Mol Med Rep. 2020; 22(1):9–19. Epub

2020/05/08. https://doi.org/10.3892/mmr.2020.11127 PMID: 32377709

11. Pettirosso E, Giles M, Cole S, Rees M. COVID-19 and pregnancy: A review of clinical characteristics,

obstetric outcomes and vertical transmission. Aust N Z J Obstet Gynaecol. 2020; 60(5):640–59. Epub

2020/08/12. https://doi.org/10.1111/ajo.13204 PMID: 32779193

12. Di Mascio D, Khalil A, Saccone G, Rizzo G, Buca D, Liberati M, et al. Outcome of coronavirus spectrum

infections (SARS, MERS, COVID-19) during pregnancy: a systematic review and meta-analysis. Am J

Obstet Gynecol MFM. 2020; 2(2):100107. Epub 2020/04/16. https://doi.org/10.1016/j.ajogmf.2020.

100107 PMID: 32292902

13. Mardani R, Ahmadi Vasmehjani A, Zali F, Gholami A, Mousavi Nasab SD, Kaghazian H, et al. Labora-

tory Parameters in Detection of COVID-19 Patients with Positive RT-PCR; a Diagnostic Accuracy

Study. Arch Acad Emerg Med. 2020; 8(1):e43. Epub 2020/04/08. PMID: 32259132

14. Nicholls JM, Poon LL, Lee KC, Ng WF, Lai ST, Leung CY, et al. Lung pathology of fatal severe acute

respiratory syndrome. Lancet. 2003; 361(9371):1773–8. Epub 2003/06/05. https://doi.org/10.1016/

s0140-6736(03)13413-7 PMID: 12781536.

15. Li T, Qiu Z, Zhang L, Han Y, He W, Liu Z, et al. Significant changes of peripheral T lymphocyte subsets

in patients with severe acute respiratory syndrome. J Infect Dis. 2004; 189(4):648–51. Epub 2004/02/

10. https://doi.org/10.1086/381535 PMID: 14767818.

16. Zhao Q, Meng M, Kumar R, Wu Y, Huang J, Deng Y, et al. Lymphopenia is associated with severe coro-

navirus disease 2019 (COVID-19) infections: A systemic review and meta-analysis. Int J Infect Dis.

2020; 96:131–5. Epub 2020/05/08. https://doi.org/10.1016/j.ijid.2020.04.086 PMID: 32376308

17. Huang I, Pranata R. Lymphopenia in severe coronavirus disease-2019 (COVID-19): systematic review

and meta-analysis. J Intensive Care. 2020; 8:36. Epub 2020/06/03. https://doi.org/10.1186/s40560-

020-00453-4 PMID: 32483488

18. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel

coronavirus in Wuhan, China. Lancet. 2020; 395(10223):497–506. Epub 2020/01/28. https://doi.org/10.

1016/S0140-6736(20)30183-5 PMID: 31986264

19. Costela-Ruiz VJ, Illescas-Montes R, Puerta-Puerta JM, Ruiz C, Melguizo-Rodriguez L. SARS-CoV-2

infection: The role of cytokines in COVID-19 disease. Cytokine Growth Factor Rev. 2020; 54:62–75.

Epub 2020/06/10. https://doi.org/10.1016/j.cytogfr.2020.06.001 PMID: 32513566

20. Law HK, Cheung CY, Ng HY, Sia SF, Chan YO, Luk W, et al. Chemokine up-regulation in SARS-coro-

navirus-infected, monocyte-derived human dendritic cells. Blood. 2005; 106(7):2366–74. Epub 2005/

04/30. https://doi.org/10.1182/blood-2004-10-4166 PMID: 15860669

21. Chien JY, Hsueh PR, Cheng WC, Yu CJ, Yang PC. Temporal changes in cytokine/chemokine profiles

and pulmonary involvement in severe acute respiratory syndrome. Respirology. 2006; 11(6):715–22.

Epub 2006/10/21. https://doi.org/10.1111/j.1440-1843.2006.00942.x PMID: 17052299.

22. Chang YJ, Liu CY, Chiang BL, Chao YC, Chen CC. Induction of IL-8 release in lung cells via activator

protein-1 by recombinant baculovirus displaying severe acute respiratory syndrome-coronavirus spike

proteins: identification of two functional regions. J Immunol. 2004; 173(12):7602–14. Epub 2004/12/09.

https://doi.org/10.4049/jimmunol.173.12.7602 PMID: 15585888.

23. Chen IY, Chang SC, Wu HY, Yu TC, Wei WC, Lin S, et al. Upregulation of the chemokine (C-C motif)

ligand 2 via a severe acute respiratory syndrome coronavirus spike-ACE2 signaling pathway. J Virol.

2010; 84(15):7703–12. Epub 2010/05/21. https://doi.org/10.1128/JVI.02560-09 PMID: 20484496

24. Deshmane SL, Kremlev S, Amini S, Sawaya BE. Monocyte chemoattractant protein-1 (MCP-1): an

overview. J Interferon Cytokine Res. 2009; 29(6):313–26. Epub 2009/05/16. https://doi.org/10.1089/jir.

2008.0027 PMID: 19441883

25. Lappalainen U, Whitsett JA, Wert SE, Tichelaar JW, Bry K. Interleukin-1beta causes pulmonary inflam-

mation, emphysema, and airway remodeling in the adult murine lung. Am J Respir Cell Mol Biol. 2005;

32(4):311–8. Epub 2005/01/26. https://doi.org/10.1165/rcmb.2004-0309OC PMID: 15668323.

26. Schoenborn JR, Wilson CB. Regulation of interferon-gamma during innate and adaptive immune

responses. Adv Immunol. 2007; 96:41–101. Epub 2007/11/06. https://doi.org/10.1016/S0065-2776(07)

96002-2 PMID: 17981204.

27. Antonioli L, Pacher P, Vizi ES, Hasko G. CD39 and CD73 in immunity and inflammation. Trends Mol

Med. 2013; 19(6):355–67. Epub 2013/04/23. https://doi.org/10.1016/j.molmed.2013.03.005 PMID:

23601906

PLOS ONE Immune profile in pregnant women with COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0264566 July 28, 2022 15 / 16

https://doi.org/10.1016/j.tmaid.2020.101623
https://doi.org/10.1016/j.tmaid.2020.101623
http://www.ncbi.nlm.nih.gov/pubmed/32179124
https://doi.org/10.3892/mmr.2020.11127
http://www.ncbi.nlm.nih.gov/pubmed/32377709
https://doi.org/10.1111/ajo.13204
http://www.ncbi.nlm.nih.gov/pubmed/32779193
https://doi.org/10.1016/j.ajogmf.2020.100107
https://doi.org/10.1016/j.ajogmf.2020.100107
http://www.ncbi.nlm.nih.gov/pubmed/32292902
http://www.ncbi.nlm.nih.gov/pubmed/32259132
https://doi.org/10.1016/s0140-6736%2803%2913413-7
https://doi.org/10.1016/s0140-6736%2803%2913413-7
http://www.ncbi.nlm.nih.gov/pubmed/12781536
https://doi.org/10.1086/381535
http://www.ncbi.nlm.nih.gov/pubmed/14767818
https://doi.org/10.1016/j.ijid.2020.04.086
http://www.ncbi.nlm.nih.gov/pubmed/32376308
https://doi.org/10.1186/s40560-020-00453-4
https://doi.org/10.1186/s40560-020-00453-4
http://www.ncbi.nlm.nih.gov/pubmed/32483488
https://doi.org/10.1016/S0140-6736%2820%2930183-5
https://doi.org/10.1016/S0140-6736%2820%2930183-5
http://www.ncbi.nlm.nih.gov/pubmed/31986264
https://doi.org/10.1016/j.cytogfr.2020.06.001
http://www.ncbi.nlm.nih.gov/pubmed/32513566
https://doi.org/10.1182/blood-2004-10-4166
http://www.ncbi.nlm.nih.gov/pubmed/15860669
https://doi.org/10.1111/j.1440-1843.2006.00942.x
http://www.ncbi.nlm.nih.gov/pubmed/17052299
https://doi.org/10.4049/jimmunol.173.12.7602
http://www.ncbi.nlm.nih.gov/pubmed/15585888
https://doi.org/10.1128/JVI.02560-09
http://www.ncbi.nlm.nih.gov/pubmed/20484496
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1089/jir.2008.0027
http://www.ncbi.nlm.nih.gov/pubmed/19441883
https://doi.org/10.1165/rcmb.2004-0309OC
http://www.ncbi.nlm.nih.gov/pubmed/15668323
https://doi.org/10.1016/S0065-2776%2807%2996002-2
https://doi.org/10.1016/S0065-2776%2807%2996002-2
http://www.ncbi.nlm.nih.gov/pubmed/17981204
https://doi.org/10.1016/j.molmed.2013.03.005
http://www.ncbi.nlm.nih.gov/pubmed/23601906
https://doi.org/10.1371/journal.pone.0264566


28. Sato Y, Maekawa K, Aman M, Yamashita A, Kodama Y, Maki Y, et al. CD39 downregulation in chronic

intervillositis of unknown etiology. Virchows Arch. 2019; 475(3):357–64. Epub 2019/06/21. https://doi.

org/10.1007/s00428-019-02598-6 PMID: 31218404.

29. Ahmadi P, Hartjen P, Kohsar M, Kummer S, Schmiedel S, Bockmann JH, et al. Defining the CD39/

CD73 Axis in SARS-CoV-2 Infection: The CD73(-) Phenotype Identifies Polyfunctional Cytotoxic Lym-

phocytes. Cells. 2020; 9(8). Epub 2020/07/28. https://doi.org/10.3390/cells9081750 PMID: 32707842

30. Gilson P Dorneles PCT, da Silva Igor M, Schipper Lucas L, Santana Filho Paulo, C RJ LC, Bonorino

Cristina, et al. Alterations in CD39/CD73 Axis of T cells associated with COVID-19 severity. medRxiv.

2021. https://doi.org/10.1101/2021.09.18.21263782

31. Breslin N, Baptiste C, Gyamfi-Bannerman C, Miller R, Martinez R, Bernstein K, et al. COVID-19 infec-

tion among asymptomatic and symptomatic pregnant women: Two weeks of confirmed presentations to

an affiliated pair of New York City hospitals. Am J Obstet Gynecol MFM. 2020:100118. Epub 2020/04/

16.

32. Zhao H, Bo C, Kang Y, Li H. What Else Can CD39 Tell Us? Front Immunol. 2017; 8:727. Epub 2017/07/

12. https://doi.org/10.3389/fimmu.2017.00727 PMID: 28690614

33. Thornton P, Douglas J. Coagulation in pregnancy. Best Pract Res Clin Obstet Gynaecol. 2010; 24

(3):339–52. Epub 2010/01/26. https://doi.org/10.1016/j.bpobgyn.2009.11.010 PMID: 20097136.

34. Kadir RA, Kobayashi T, Iba T, Erez O, Thachil J, Kazi S, et al. COVID-19 coagulopathy in pregnancy:

Critical review, preliminary recommendations, and ISTH registry-Communication from the ISTH SSC

for Women’s Health. J Thromb Haemost. 2020; 18(11):3086–98. Epub 2020/08/28. https://doi.org/10.

1111/jth.15072 PMID: 32846051

35. Vidali S, Morosetti D, Cossu E, Luisi MLE, Pancani S, Semeraro V, et al. D-dimer as an indicator of

prognosis in SARS-CoV-2 infection: a systematic review. ERJ Open Res. 2020; 6(2). Epub 2020/07/21.

https://doi.org/10.1183/23120541.00260-2020 PMID: 32685436

36. Gong X, Song L, Li H, Li L, Jin W, Yu K, et al. CT characteristics and diagnostic value of COVID-19 in

pregnancy. PLoS One. 2020; 15(7):e0235134. Epub 2020/07/03. https://doi.org/10.1371/journal.pone.

0235134 PMID: 32614854

37. Wang Z, Wang Z, Xiong G. Clinical characteristics and laboratory results of pregnant women with

COVID-19 in Wuhan, China. Int J Gynaecol Obstet. 2020; 150(3):312–7. Epub 2020/06/09. https://doi.

org/10.1002/ijgo.13265 PMID: 32510581

38. Hedengran KK, Andersen MR, Stender S, Szecsi PB. Large D-Dimer Fluctuation in Normal Pregnancy:

A Longitudinal Cohort Study of 4,117 Samples from 714 Healthy Danish Women. Obstet Gynecol Int.

2016; 2016:3561675. Epub 2016/05/18. https://doi.org/10.1155/2016/3561675 PMID: 27190521

39. Ferat-Osorio E, Esquivel-Callejas N, Wong-Baeza I, Aduna-Vicente R, Arriaga-Pizano L, Sanchez-Fer-

nandez P, et al. The increased expression of TREM-1 on monocytes is associated with infectious and

noninfectious inflammatory processes. J Surg Res. 2008; 150(1):110–7. Epub 2008/07/29. https://doi.

org/10.1016/j.jss.2007.12.805 PMID: 18656898.

40. Ferat-Osorio E, Wong-Baeza I, Esquivel-Callejas N, Figueroa-Figueroa S, Duarte-Rojo A, Guzman-

Valdivia-Gomez G, et al. Triggering receptor expressed on myeloid cells-1 expression on monocytes is

associated with inflammation but not with infection in acute pancreatitis. Crit Care. 2009; 13(3):R69.

Epub 2009/05/16. https://doi.org/10.1186/cc7876 PMID: 19442309

41. Cerbulo-Vazquez A, Figueroa-Damian R, Arriaga-Pizano LA, Hernandez-Andrade E, Mancilla-Herrera

I, Flores-Mejia LA, et al. Pregnant women infected with pandemic H1N1pdm2009 influenza virus dis-

played overproduction of peripheral blood CD69+ lymphocytes and increased levels of serum cyto-

kines. PLoS One. 2014; 9(9):e107900. Epub 2014/09/26. https://doi.org/10.1371/journal.pone.0107900

PMID: 25254368

42. Kreis NN, Ritter A, Louwen F, Yuan J. A Message from the Human Placenta: Structural and Immuno-

modulatory Defense against SARS-CoV-2. Cells. 2020; 9(8). Epub 2020/07/30. https://doi.org/10.3390/

cells9081777 PMID: 32722449

43. Xie C, Chen Y, Luo D, Zhuang Z, Jin H, Zhou H, et al. Therapeutic potential of C1632 by inhibition of

SARS-CoV-2 replication and viral-induced inflammation through upregulating let-7. Signal Transduct

Target Ther. 2021; 6(1):84. Epub 2021/02/24. https://doi.org/10.1038/s41392-021-00497-4 PMID:

33619243

44. Remy KE, Mazer M, Striker DA, Ellebedy AH, Walton AH, Unsinger J, et al. Severe immunosuppression

and not a cytokine storm characterizes COVID-19 infections. JCI Insight. 2020; 5(17). Epub 2020/07/

21. https://doi.org/10.1172/jci.insight.140329 PMID: 32687484

PLOS ONE Immune profile in pregnant women with COVID-19

PLOS ONE | https://doi.org/10.1371/journal.pone.0264566 July 28, 2022 16 / 16

https://doi.org/10.1007/s00428-019-02598-6
https://doi.org/10.1007/s00428-019-02598-6
http://www.ncbi.nlm.nih.gov/pubmed/31218404
https://doi.org/10.3390/cells9081750
http://www.ncbi.nlm.nih.gov/pubmed/32707842
https://doi.org/10.1101/2021.09.18.21263782
https://doi.org/10.3389/fimmu.2017.00727
http://www.ncbi.nlm.nih.gov/pubmed/28690614
https://doi.org/10.1016/j.bpobgyn.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/20097136
https://doi.org/10.1111/jth.15072
https://doi.org/10.1111/jth.15072
http://www.ncbi.nlm.nih.gov/pubmed/32846051
https://doi.org/10.1183/23120541.00260-2020
http://www.ncbi.nlm.nih.gov/pubmed/32685436
https://doi.org/10.1371/journal.pone.0235134
https://doi.org/10.1371/journal.pone.0235134
http://www.ncbi.nlm.nih.gov/pubmed/32614854
https://doi.org/10.1002/ijgo.13265
https://doi.org/10.1002/ijgo.13265
http://www.ncbi.nlm.nih.gov/pubmed/32510581
https://doi.org/10.1155/2016/3561675
http://www.ncbi.nlm.nih.gov/pubmed/27190521
https://doi.org/10.1016/j.jss.2007.12.805
https://doi.org/10.1016/j.jss.2007.12.805
http://www.ncbi.nlm.nih.gov/pubmed/18656898
https://doi.org/10.1186/cc7876
http://www.ncbi.nlm.nih.gov/pubmed/19442309
https://doi.org/10.1371/journal.pone.0107900
http://www.ncbi.nlm.nih.gov/pubmed/25254368
https://doi.org/10.3390/cells9081777
https://doi.org/10.3390/cells9081777
http://www.ncbi.nlm.nih.gov/pubmed/32722449
https://doi.org/10.1038/s41392-021-00497-4
http://www.ncbi.nlm.nih.gov/pubmed/33619243
https://doi.org/10.1172/jci.insight.140329
http://www.ncbi.nlm.nih.gov/pubmed/32687484
https://doi.org/10.1371/journal.pone.0264566

