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FIGURE 2 | Predictive modeling of immune response dynamics associated with preeclampsia. (A) The correlation network segregates into 6 major communities of

correlated immune features. Communities were detected using the Louvain multi-level modularity optimization method (33, 34) and annotated on the basis of immune

feature characteristics (signaling property, stimulation, or cell subset) most commonly represented within each community. (B) A predictive multivariate model built on

immune feature dynamics (rate of change between the first and second time points). LASSO identified patients that develop preeclampsia within 12–14 weeks after

the last sampling time. Red/blue dots highlight immune features that evolve faster/slower in preeclampsia compared to Control. Dot size indicates the –log10 of

p-value of model components compared between preeclamptic women and controls (Student t-test). (C) Boxplots showing model prediction for controls and

preeclamptic women (AUC 0.803, cross-validation p-value = 0.013).

dovetailed with prior immune profiling studies of normal
pregnancy (26, 36, 37). For instance, one of the communities
(Community 1) was primarily defined by the basal activity of
the transcription factor STAT5ab (phospho, pSTAT5 signal) in
CD4+T cells (Figure S3A), which increased during pregnancy
as previously reported (26). Another community (Community 3)
contained features that pointed at increasing pSTAT1 responses
to stimulation in NK cells during pregnancy (Figure S3B),
consistent with prior in vitro and in vivo studies showing
that NK cell-mediated pathogen responses are exacerbated
during pregnancy (26, 36, 38). In addition, Treg cell frequency
increased between the first and second trimesters of pregnancy
(Figure S3C), consistent with prior reports of Treg dynamics
during pregnancy (26, 39). Thus, the immunoassay utilized
in this study was sensitive to detect established hallmarks of
maternal immune adaptations during a normal pregnancy.

Immune System-Wide Dynamics Are
Disrupted in Preeclampsia
A number of observations in humans support the assessment of
immune cell responses over time, rather than a cross-sectional
assessment at a given time point, to understand how the human
immune system adapts to a physiological or a pathological
perturbation (40). We reasoned that an analysis focused on
immune response dynamics would be particularly adapted to
detect immune dysfunctions preceding the onset of preeclampsia.

To parameterize the dynamic changes in the peripheral
immune system during pregnancy, the rate of change between
the first and second sampling time points was calculated
for each immune feature. The least absolute shrinkage and
selection operator (LASSO) method (35) was applied to
the dataset of immune feature dynamics. The predictive

analysis identified a multivariate model that accurately
differentiated women who developed preeclampsia from
controls (Figures 2B,C). Components of the LASSO model
were visualized on the correlation network as red or blue nodes
highlighting immune features with accelerated or decelerated,
respectively, dynamics in women who will develop preeclampsia
(Figure 2B). The generalizability of the model was established
using a stringent cross-validation method that accounts for the
high-dimensionality of the dataset. No significant association
was found between the LASSO model prediction and the
presence of comorbid conditions, including autoimmune
diseases, gestational diabetes, chronic hypertension and body
mass index (BMI). When excluding patients with autoimmune
disease and gestational diabetes, the LASSO model remained
highly significant (cross-validated p-value = 0.016) and robust
(AUC = 0.83). The results suggest that specific aspects of
peripheral immune system dynamics, detectable 12–14 weeks
before the clinical diagnosis of preeclampsia, are disrupted in
preeclamptic pregnancies.

Pro-inflammatory Immune Responses
Early in Pregnancy Contribute to Abnormal
Immune System Dynamics in Preeclampsia
The LASSO method allowed a system-level analysis of immune
dysfunction in preeclampsia anchored by a statistically-stringent
multivariate model. To highlight the most informative features of
the multivariate model and facilitate biological interpretation, we
applied a piecewise regression method that reduced the model
to 10 components (Figure 3A) that were highly discriminating
between control and preeclamptic pregnancies: the median area
under the curve (AUC) was 0.90, within an IQR of 0.81 to
0.92. Most (90%) of the informative immune features were
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intracellular signaling responses (AUC 0.80-0.92), while the cell
frequency features had a much weaker predictive performance
for preeclampsia (AUC = 0.65). Eight out of these ten immune
features remained highly significant as predictors of preeclampsia
after controlling for demographic and clinical variables (BMI,
presence of autoimmune disease, hypertension, and type 2
diabetes) in a multivariate linear regression analysis (Table S2).

These eight informative immune features appeared within
3 of the 6 communities, consistent with dysregulated immune
dynamics that spanned multiple immune compartments
(Figure 3B). The most informative feature was the pSTAT5
signal (basal) in CD4+Tbet+Th1 cells (AUC = 0.92, p = 8.0E-5,
Figure 4A). The pSTAT5 signal increased consistently in Th1
cells between the first and second trimesters in the control
group but decreased consistently in women who developed
preeclampsia (Figure 4A). Further examination of individual
time points revealed that the pSTAT5 signal in Th1 cells was
higher in women with preeclampsia compared with controls
in the first trimester and then gradually decreased during the
second trimester (Figure 4A, inset). These results are consistent
with the prevailing theory of the presence of a predominance of
Th1 in preeclampsia (41), given that STAT5 can potentiate Th1
differentiation (42).

Because the JAK/STAT5 signaling pathway is implicated in
multiple aspects of CD4+T cell differentiation, notably in the
differentiation and stability of peripheral Tregs (43–45), we tested
whether observed pSTAT5 dynamics were restricted only to Th1
cells. In Community 1 (defined by the STAT5 signaling response)
the abnormal pSTAT5 dynamics were shared among several T
cell subsets including CD4+ Tnaive cells and CD25+FoxP3+

Tregs (Figure S4). The pSTAT5 signal in Tregs increased between
the first and second trimesters in the control group, but did
not change in the preeclamptic women. The results highlight an
important role for STAT5-dependent responses across multiple
CD4+T cell subsets that are disrupted prior to the clinical onset
of preeclampsia.

The remaining immune features of the reduced model
suggested that, overall, strong pro-inflammatory cell responses
early during pregnancy altered the immunologic trajectory
of women who went on to develop preeclampsia. In innate
immune compartments, the pSTAT1, pSTAT5, and pNFκB
signals (basal) were elevated in intermediate monocytes
(intMCs) (AUC = 0.93, p = 4.0E-4), myeloid dendritic
cells (mDCs) (AUC = 0.92, p = 0.0026), and classical
monocytes (cMCs) (pSTAT1: AUC = 0.90, p = 4.1E-4;
pNFκB: AUC = 0.82, p = 4.0E-3), respectively, during
the first trimester in preeclamptic women compared with
controls (Figures 4B–E). These responses gradually decreased
during preeclamptic pregnancies, but increased in the control
group. In adaptive immune compartments, elevated pro-
inflammatory signaling responses in Th1 cells (pSTAT5) during
the first trimester of pregnancy were coupled with abnormal
signaling dynamics in CD4+Tnaïve cells (pMAPKAPK2,
AUC = 0.91, p = 3.2E-3), TCRγ δ (pP38, AUC = 0.9, p =

2.0E-4) and CD25+FoxP3+Tregs (pP38, AUC = 0.82, p
= 0.032) (Figures 4F–H). Of note, the pP38 signal, which
is required for Treg suppressive function (46), increased

in Tregs during pregnancy in controls but not in women
with preeclampsia.

DISCUSSION

We employed a high-parameter mass cytometry immunoassay
for an in-depth assessment of the dynamics of the peripheral
immune system during normal and preeclamptic pregnancies.
Analysis of the high-dimensional immunological dataset
identified immune system dysfunction detectable in the maternal
blood 12–14 weeks before the clinical signs of preeclampsia
were evident. Individual components of the multivariate
model highlighted profound dysregulation of intracellular
signaling dynamics that were strongly associated with the
subsequent development of preeclampsia (median AUC 0.91,
IQR [0.82, 0.92]).

High-parameter flow cytometry technologies such as

mass cytometry have transformed the ability to profile the
human immune system. However, the high dimensionality
of the resulting data presents a major analytical challenge to
conventional statistical analysis (47). Application of regularized
regression algorithms (such as LASSO) combined with a
cross-validation method to ensure generalizability of the model
outputs provided a robust statistical solution to this analytic

challenge (48). In this study, the LASSO analysis provided a
statistically stringent multivariate model that distinguished
healthy pregnancies from those with preeclampsia, while
simultaneously assessing over 370 immune features. The
performance of individual model components in stratifying
women who develop preeclampsia was also remarkable. Using
the AUC as a metric, the individual performances of the top
five model components to predict preeclampsia were each above
0.9, which signifies excellent predictive performance. These
results may be due to several aspects of our analysis that differ
from prior studies reporting on immunological biomarkers of
preeclampsia (6, 7, 18–20, 49). The functional interrogation
of signaling responses, rather than cell distribution may have
been more informative; the simultaneous survey of multiple
innate and adaptive immune cell subsets allowed for agnostic
identification of the most informative immune features; and the
analysis, which focused on immune cell dynamics rather than
static immunologic events, may have allowed a more sensitive
detection of pregnancy-related immune dysfunctions.

The most informative features of our analysis were the
basal pSTAT5 signals in CD4+T cell subsets (AUC = 0.92,
p = 8.0E-5). Notably, the pSTAT5 signal in CD4+T cells
was also the most informative component of a multivariate
model predictive of the age of gestation in a prior study of
normal pregnancy (26, 27). These findings, derived from two
independent studies, suggest that assessing pSTAT5 dynamics in
CD4+T cell subsets early in pregnancy may be a key feature of an
immuno-assay predicting the risk for developing preeclampsia.

The JAK/STAT5 pathway has been implicated in multiple,
and seemingly conflicting, aspects of CD4+T cell development.
Downstream of IL-2, in vivo and in vitro studies show that the IL-
2/STAT5 pathway controls Th2 differentiation [by inducing the
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FIGURE 3 | Identification of the most informative features classifying patients who develop preeclampsia. (A) The bar graph depicts the frequency of immune feature

selection across all cross-validation iterations. Blue line indicates piecewise regression fit for identification of a breakpoint indicating ten immune features that are most

informative to the multivariate LASSO model. (B) The most informative immune features and their respective immunological communities are highlighted on the

correlation network.
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