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Abstract

Histological chorioamnionitis (HCA) is an intrauterine inflammatory condition increasing the risk
for preterm birth, death, and disability due to persistent systemic and localized inflammation. The
immunologic mechanisms sustaining this response in the preterm newborn remain unclear. We
sought to determine the consequences of HCA exposure on the fetal CD4" T lymphocyte exo-
metabolome. We cultured naive CD4* T lymphocytes from HCA-positive and HCA-negative
preterm infants matched for gestational age, sex, race, prenatal steroid exposure, and delivery
mode. We collected conditioned media samples before and after a 6 hour /n vitro activation of
naive CD4™ T lymphocytes with soluble Staphylococcal enterotoxin B (SEB) and anti-CD28. We
analyzed samples by ultra performance liquid chromatography ion mobility-mass spectrometry
(UPLC-IM-MS). We determined the impact of HCA on the CD4* T lymphocyte exo-metabolome
and identified potential biomarker metabolites by multivariate statistical analyses. We discovered
that: (1) CD4* T lymphocytes exposed to HCA exhibit divergent exo-metabolomic profiles in both
naive and activated states; (2) ~30% of detected metabolites differentially expressed in response to
activation were unique to HCA-positive CD4™ T lymphocytes; and (3) metabolic pathways
associated with glutathione detoxification and tryptophan degradation were altered in HCA-
positive CD4* T lymphocytes; and (4) flow cytometry and cytokine analyses suggested a bias
towards a Ty1-biased immune response in HCA-positive samples. HCA exposure primes the
neonatal adaptive immune processes by inducing changes to the exo-metabolomic profiles of fetal
CD4* T lymphocytes. These exo-metabolomic changes may link HCA exposure to Tyl
polarization of the neonatal adaptive immune response.
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INTRODUCTION

Preterm birth remains the leading cause of neonatal morbidity and mortality in the United
States! and across the globe2. The most common causes include spontaneous preterm labor
and premature rupture of membranes3. Both share a close association with histological
chorioamnionitis (HCA)*-5, an inflammation of the fetal membranes typically caused by
intrauterine bacterial infection’. Fetal exposure to HCA induces /in utero immune activation,
resulting in fetal inflammatory response syndrome (FIRS), and shapes the neonatal
transcriptomic immune response8-10, Clinical characteristics of FIRS consist of systemic
inflammation and elevation of fetal plasma interleukin (IL)-6 and other pro-inflammatory
cytokine levelsl. Long-term sequelae of the sustained systemic inflammation precipitated
by fetal exposure to HCA include blindness!?, cerebral palsy}2, impaired cardiac function1?,
lung diseasel®, and disruption of normal fetal immune development16-20,

Recent studies on fetal sheep have demonstrated activation of the adaptive immune system
following exposure to HCAZL, Furthermore, umbilical cord blood derived from human
neonates with clinical evidence of perinatal infection exhibited a higher proportion of Type 1
T helper (Tw1) cells than umbilical cord blood from uninfected neonates?2. Activation and
differentiation of CD4* T lymphocytes is thought to be tightly regulated by cellular
metabolism?3. However, data on metabolic changes induced by premature activation of fetal
CD4* T lymphocytes remain limited. This deficit hinders the identification of therapeutic
targets and further research on the severe and lifelong complications of premature birth
following exposure to HCA.

Within the adaptive immune system, naive and activated CD4* T lymphocytes communicate
through many different means, mediating their effects and thereby ensuring the production
of an effective immune response. The secretion of metabolites constitutes one such critical
mode of inter-cellular communication as molecular secretions often provide direction for
and regulate collective cellular actions including naive CD4* T lymphocyte activation and
proliferation. Thus, the ability to study molecular secretions in the developing fetal adaptive
immune system may provide insight into normal and atypical aspects of fetal adaptive
immune processes resulting from fetal exposure to HCA.

We sought to assess changes in the exo-metabolomic profiles of fetal naive CD4* T
lymphocytes exposed to HCA following /n vitro activation, using ion mobility-mass
spectrometry, a highly specific analytical process that allows for small volume, complex
biological samples to be analyzed with a high-throughput and unbiased approach. After
comparing the exo-metabolomic profiles of fetal CD4* T lymphocytes isolated from
matched HCA-positive and -negative infants, we putatively identified metabolites and
candidate biochemical pathways that may function as biomarkers of HCA-induced
reconditioning of fetal adaptive immune processes. These metabolic pathways may also
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function as possible targets for the prevention of inflammatory sequelae resulting from /in
utero exposure to HCA.

MATERIALS AND METHODS

Experimental Design

Sample collection and study populations—This study was approved by the
Vanderbilt University Medical Center (VUMC) Institutional Review Board (protocols
#090161 and #110833). Peripheral blood mononuclear cells (PBMCs) were collected
prospectively from premature infants admitted to VUMC neonatal intensive care unit on
postnatal days 3, 7, 14, and 28. PBMCs were isolated and stored in liquid nitrogen. From
this repository, we identified 10 individual samples of preterm patients exposed to HCA and
10 individual HCA-negative samples with similar gestational age, race, sex, and mode of
delivery (Table I). All 20 mothers received prenatal steroids; most were exposed to prenatal
antibiotics. All patients were exposed to postnatal antibiotics. Presence of funisitis in HCA-
positive patients was determined upon review of the surgical pathology report. Two sample
t-tests assuming unequal variances were conducted on each variable to determine statistical
similarity/difference between the two sample groups.

Naive CD4* T lymphocyte purification and activation—We isolated naive CD4* T
lymphocytes from PBMCs using an indirect magnetic labeling system (Miltenyi Biotec,
Auburn, CA), as previously reported?4. Briefly, CD45RO* and non-CD4* T lymphocytes
were magnetically labeled using a biotin-conjugated antibody and anti-biotin microbead
cocktail, according to manufacturer instructions. Isolation of naive CD4* T lymphocytes is
achieved by depletion of magnetically labeled cells with = 90% purity.

Following sorting, the cell suspension was centrifuged to remove sorting buffer and re-
suspended in RPMI medium supplemented with 10% Human AB Serum (Sigma, St. Louis,
MO) and 1% Penicillin Streptomycin (Thermo-Fisher, Grand Island, NY). We cultured
purified naive CD4* T lymphocytes in 96-well microtiter plates, 40,000 cells well ™1,
Immediately after plating, we collected 100 pL of conditioned media from all samples.
Naive CD4" T lymphocytes were subsequently activated using 30 UL soluble SEB (1 pg
mL1, kindly provided by Michael J. Rosen, MD, MSCI, Cincinnati Children's Hospital
Medical Center) and 30 L anti-CD28 (10 ug mL~1, BD Biosciences, San Jose, CA)%.
Following 6 hours of incubation, at 37 °C, 100 uL of reconditioned media was collected
from all samples and stored at —80 °C (Fig. S1a)25.

Sample preparation for mass spectrometry—Samples were prepared for reverse
phase (C1g) IM-MS and analyzed as previously reported?’ and shown in Fig. S1b. Briefly,
we performed a cold methanol (Optima LC-MS grade, Fisher Scientific, Pittsburgh, PA)
protein precipitation and dried the supernatants /n vacuo (SpeedVac concentrator, Thermo-
Fisher). Desiccates were reconstituted in 100 pL of 0.1% formic acid in water (LC-MS
grade, Fisher Scientific). Quality control samples were prepared by combining equal
volumes (15 pL) of each sample.
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Mass spectrometry—UPLC-IM-MS and data-independent acquisition was performed on
a Waters Synapt G2 (Milford, MA, USA) mass spectrometer equipped with a Waters
nanoAcquity UPLC system and autosampler (Milford, MA, USA). Metabolites were
separated on a 1 mm x 100 mm T3 column packed with 1.8-um, 10-nm high strength silica
(HSS) particles (Waters, Milford, MA, USA). Liquid chromatography was performed using
a 25-minute gradient at a flow rate of 70 uL. min~1 using solvent A (0.1% formic acid (FA)
in H,0) and solvent B (0.1% FA with acetonitrile). 99% of solvent A is initially perfused
with a linear gradient applied such that solvent A is decreased to 1% and solvent B increased
to 99% over 12 min. This condition is held for 3 min. The solvent percentage is then
returned to the initial state in the next minute (99% solvent A, 1% solvent B) and held for 9
min to re-equilibrate the column.

Typical IM-MS analyses were run using resolution mode, with a capillary voltage of 3 kV,
source temperature at 120 °C, sample cone at 35, desolvation temperature at 400 °C, He cell
flow of 180 mL min~1, and an IM gas flow of 90 mL min~1. The data were acquired in
positive ion mode from 50 to 2000 Da with a 0.5 s scan time; full-scan data were mass
corrected during acquisition using an external reference consisting of 3 ng mL~1 solution of
leucine enkephalin. All analytes were analyzed using MSE with an energy ramp from 5 to 35
eV.

Analysis Strategy

Data processing—We converted acquired raw data to mzXML format using the
Proteowizard msconvert tool (http:/proteowizard.sourceforge.net/team.shtml)28. These files
were then analyzed using XCMS in the R Studio statistical package, to peak pick and align
features (i.e., retention time (RT) and mass-to-charge (m/z) ratio pairs). XCMS was used
with default settings as described in http://metlin.scripps.edu/xcms/ except rector (method =
“obiwarp”). Data were normalized to the summed total ion intensity per chromatogram, with
the total ion count normalized to 10,000 counts.

Determination of exo-metabolomic differences—We analyzed the processed data
matrix with multivariate statistical analysis using Umetrics extended statistics software
EZInfo version 2.0.0.0 (Waters, Milford, MA). Orthogonal partial least squares-discriminant
analysis (OPLS-DA) was performed on expression levels of all measurable analytes and
used Pareto scaling to determine exo-metabolomic differences between HCA-positive and -
negative samples in the naive and activated states.

The integrated intensity of each chromatographically resolved m/z peak was logs
transformed. Change in peak area following CD4* T lymphocyte activation was determined
using fold change (FC = mean AcTIvaTED /mean NAIVE). Statistical significance was
determined using a paired two-tailed Student’s #test. Technical replicates were used in these
calculations; all calculations were performed on log, transformed values. An m/z species
was considered differentially expressed when it met the dual criteria of fold change |FC| > 1
and p-value < 0.05 (for all subsequent analyses, p-value < 0.05 was used as the threshold for
significance). Direction of change was defined as FC > 1 = produced, FC < —1 = consumed.
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Additionally, for a differentially expressed metabolite to be changed due to HCA exposure,
it had exhibit a magnitude difference (JFC| > 1) and p-value < 0.05 from control samples.

Identification of analytes by ion mobility — mass spectrometry—\Volcano plot
analyses were generated to compare exo-metabolomic differences between HCA-positive
and -negative samples and determine metabolites of interest. The log2[FC] between HCA-
positive and -negative samples was plotted along the x-axis and calculated using normalized
abundance values. P-values were calculated using an unpaired two-tailed Student’s #test of
equal variance to determine statistical significance of difference of group means values.
Metabolites that showed a p-value < 0.05 were prioritized for identification. All analyses
were performed on log, transformed values.

Putative metabolite identifications were assigned using both mono-isotopic accurate mass
measurements (<30 ppm) and fragmentation data (MS/MS analyses). Candidate structures
were obtained and interpreted with available databases, including the Human Metabolome
Database??, METLIN30, LIPID MAPS3L, Additionally, acquired raw data were analyzed
using Progenesis QI32, a small molecule discovery analysis software for LC-MS data.

The statistical significance of putatively identified metabolites were analyzed between
matched disease and control pairs. Significance was determined using two-way repeated
measures (mixed-model) analysis of variance (ANOVA). Wilcoxon matched-pairs signed-
rank tests were performed to determine the overall statistical significance between pairwise
comparisons. All calculations were performed on (log, transformed) normalized abundance
values in Graphpad Prism.

Analysis of CD4* T lymphocyte cytokine production and phenotype

Flow cytometry—We analyzed phenotype, activation and cytokine profiles of CD4* T
lymphocytes using multicolor flow cytometry. We stained viable cryopreserved PBMCs
collected at post-natal days 3, 7, 14, and 28 using the following antibody panel: CD3, CD#4,
CD8, CD#RO, cD?, cD%, LFA-1, CD* (CD* ligand), CD127, FOXP3, GARP, CCR4,
CCR®6, and CXCR3. An amine-reactive live-dead marker was used to exclude dead cells. A
Becton Dickson LSR-11 flow cytometer and FlowJo software (Tree Star) was used to analyze
the data. Subsets of CD4* T lymphocytes were characterized using the following markers33:
TH1 (CD45RO* CXCR3* CCR6™ CCR47). A comparable staining panel was used in a
recent study to identify activated memory Tyl and T2 lymphocytes in the cord blood of
healthy term neonates34.

Activation assay and analysis of cytokine production—Using the same repository

as above, we identified 5 individual preterm infants exposed to HCA and 5 individual HCA-
negative patients matched for gestational age, race, sex, mode of delivery, day of blood draw,
and prenatal steroid exposure.

We isolated naive CD4™ T lymphocytes from PBMCs using an indirect magnetic labeling
system (Miltenyi Biotec, Auburn, CA), as detailed above. We cultured purified naive CD4*
T lymphocytes in 96-well microtiter plates, 40,000 cells well~1. Immediately after plating,
we collected 100 pL of conditioned media from all samples. Naive CD4* T lymphocytes
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were subsequently activated using 10 ng mL~1 phorbol 12-myristate 13-acetate (PMA)
(Sigma, St. Louis, MO) and 1 ug mL~1 ionomycin (Sigma, St. Louis, MO). Following 6
hours of incubation, at 37 °C, 100 pL of reconditioned media was collected from all
samples. We confirmed > 95% cell viability at the end of the incubation period in our pilot
experiments. Cytokines were subsequently measured using the Milliplex Map multiplex
magnetic bead-based immunoassay kits (Millipore) on a Luminex Flexmap 3D Platform as
reported previously3°. A paired t-test was used to determine the statistical significance of
differences in IFN+y secretion.

CD4* T lymphocytes of preterm infants exposed to HCA exhibited distinct exo-
metabolomic signatures in both naive and activated states

The mean gestational age at birth was nearly identical between both groups: HCA-positive:
27 weeks, HCA-negative: 26 weeks, 6 days (p-value: 0.69). The male to female ratio was
identical both groups (p-value: 1); the HCA-positive group had 4 African-American samples
and the HCA-negative group had 2, the remaining samples were Caucasian (p-value: 0.36).
The HCA-positive group had equal proportions of cesarean and vaginal deliveries while the
HCA-negative group had two vaginal deliveries and 8 cesareans (p-value: 0.18). The day of
blood draw showed a statistically significant difference between the two groups (p-value:
0.04), while the differences in exposure to prenatal antibiotics were statistically insignificant
(p-value: 0.15). All patients were exposed to postnatal antibiotics, particularly ampicillin and
gentamicin, at least through day of life (DOL) 2. Notably, HCA-positive patients were
exposed to antibiotics for a statistically longer period of time than HCA-negative patients (o
value: 0.03) (Table 1). All 20 mothers received prenatal steroids to promote fetal lung
development. Histological signs of funisitis were found in 8 of 10 HCA-positive patients.
Seven patients showed signs of Stage Il FIRS and 1 patient showed signs of Stage | FIRS.

Following data processing (peak picking and alignment), we detected 1,652 unique exo-
metabolomic features (each feature presents a unique combination of mass-to-charge ratio
(m/z) and retention time (RT)). In order to study the metabolomic signatures of each sample
type and differences between HCA-positive and —negative sample groups, we carried out a
series of statistical analyses on all detected exo-metabolomic features.

We used OPLS-discriminant analysis to examine what, if any, differences exist between the
exo-metabolomic signatures of HCA-positive and -negative samples. The OPLS-DA score
plots in Fig. 1 display the exo-metabolomic signatures of each sample type. Fig. 1a shows
the exo-metabolomic signature of naive CD4* T lymphocytes, i.e. prior to SEB/CD28-
induced activation, and Fig. 1b depicts the exo-metabolomic signature of activated CD4* T
lymphocytes. Fig. 1a demonstrates a distinct separation between HCA-positive and -negative
sample groups along OPLS1, resolving the two sample types into two discrete classes. This
unambiguous between-group difference suggests sizable variations in the exo-metabolomic
signatures of HCA-positive and -negative samples in the naive state. Interestingly, the HCA-
negative samples exhibit separation along OPLS2, suggesting a unique within-group
variation not seen in the HCA-positive sample group. The two sample groups were similarly
discretized along OPLSL1 in the activated state (Fig. 1b), suggesting continued disparities in
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the exo-metabolomic signatures of HCA-positive and -negative sample groups. The sizable
within-group variation unique to the HCA-negative sample group persisted in the activated
state.

We compared HCA-negative samples collected 5 days postnatal (17 = 4) with samples
collected 10 days postnatal (7= 6) for any potential bias. We determined that these HCA-
negative samples behaved similarly, regardless of the date of sample collection. Therefore,
the within-group variation exhibited by the HCA-negative sample group cannot be explained
by the timing of sample collection.

The global exo-metabolomic profiles of both sample types were significantly altered in
response to SEB/CD28 stimulation. To directly compare the production and consumption of
metabolites in response to stimulation, significance criteria of p < 0.05 and |FC| > 1, were
used. Of the original 1,652 species, 676 metabolites (41.0%) met the significance criteria for
HCA-positive samples and 678 (40.9%) for HCA-negative samples.

HCA-positive and -negative samples demonstrated distinct responses to SEB/CD28-induced
activation (Fig. 2a). Activation of HCA-negative cultures produced a total of 580 species
(three upward arrows in HCA-negative circle in Fig. 2a) and consumed 98 (three downward
arrows). 165 of the metabolites produced and 35 consumed were unique to the HCA-
negative sample group, i.e. these 200 metabolites (29.5%) were not differentially expressed
by HCA-positive samples. Likewise, activation of HCA-positive cultures produced a total of
584 metabolites (three upward arrows in HCA-positive circle in Fig. 2a) and consumed 92
(three downward arrows). 163 of the metabolites produced and 35 consumed, for a total of
198 metabolites (29.3%), were unique to the HCA-positive sample group.

As expected, the exo-metabolomic activity observed in HCA-positive samples showed a
large overlap with exo-metabolomic activity seen in CD4* T lymphocytes derived from
HCA-negative samples: of the 676 species produced or consumed by HCA-positive samples,
478 metabolites (70.7%) were common to both HCA-positive and —nhegative cultures, with
410 metabolites (60.7%) having the same directionality of change (consumed or produced).
Overall, the responses of both sample groups to SEB/CD28 stimulation were dominated by
exo-metabolome increases (i.e. production of metabolites).

Next, we used volcano plot analyses to directly compare the normalized abundance of
individual metabolic species between HCA-positive and -negative sample types and
highlight individual metabolites that met the significance criteria. Figure 2b shows two
volcano plot analyses that compare all (1,652) detected metabolites in the naive (left) and
activated states (right). The log2[FC] is plotted along the x-axis (FC = mean Hca-pos /mean
HcA-NEG) and the statistical significance of this is shown along the y-axis (—1og10 scale).
Metabolites that display a positive log2[FC] are over-expressed (i.e. over produced) in HCA-
positive samples while negative values indicate under-expression (i.e. over consumed) in the
HCA-positive sample group. Statistically significant metabolic species (p < 0.05) are shown
in blue while statistically insignificant species are represented in black. Identified
metabolites are displayed in red and labeled.
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Altogether, we detected 482 statistically significant species in naive state. Of these, 411
(85.3%) metabolites showed a statistically significant positive log2[FC]; the remaining 71
(14.7%) species reflected statistically significant negative differences. Comparably, 442
statistically significant species were identified in the activated state. Of these, 376 (85.1 %)
metabolic species showed a statistically significant positive log2[FC] while 66 (14.9%)
exhibited negative differences, suggesting extensive changes in the production and
consumption of metabolic species following exposure to HCA.

Identification of metabolic species with immune response modifier potential

Additionally, we used volcano plot analyses to produce a list of metabolic species (shown in
blue, Fig. 2b) that were prioritized for identification. We putatively identified 5 metabolites:
4-Hydroxynonenal (4-HNE), 3-Hydroxykynurenine (3-HK), Dopamine (DA), Serotonin (5-
HT), and LysoPC (18:2(92, 122)) (LPC) (Table I1).

From the prioritized list of metabolic species, we putatively identified one metabolite 4-HNE
(m/z195.07, RT 1.03 min) that belongs to the glutathione (GSH) detoxification pathway
(Fig. S3a). GSH levels have previously been shown to be important in determining the
course of the adaptive immune response36. Analysis of 4-HNE in this mass spectrometry
revealed relatively lower levels of 4-HNE in HCA-positive samples in the naive state only
(Fig. 3a, b). Statistical analyses using the Wilcoxon matched-pairs signed-rank test indicated
a statistically significant difference in 4-HNE (p < 0.05) in naive state only, suggesting that
exposure to HCA may affect the 4-HNE detoxification process prior to the initiation of an
adaptive immune response.

We also observed exo-metabolome changes in HCA-positive samples relating to the
tryptophan metabolism pathway, which has previously shown to influence the development
of the adaptive immune response3’. Both putatively identified metabolites, 5-HT (m/z
177.08, RT 2.57 min) and 3-HK (m/2225.09, RT 1.25), are downstream metabolites in the
tryptophan pathway (Fig. S3b).

Overall, 5-HT was elevated in HCA-positive CD4* T lymphocytes in both naive and
activated states (Fig. 4a). Specifically, 9 of the 12 pairs showed greater normalized
abundance of 5-HT in the HCA-positive sample in both naive and activated states (Fig. S2a).
Statistical analyses using the Wilcoxon matched-pairs signed-rank test indicate a significant
difference in both naive (p < 0.01) and activated (p < 0.01) states, suggesting that exposure
to HCA may alter 5-HT metabolism before and after the initiation of an adaptive immune
response.

The signal for 3-HK was also elevated in HCA-positive CD4* T lymphocytes in both naive
and activated states (Fig. 4b). Specifically, 5 of 12 matched pairs showed increased 3-HK
signal in HCA-positive samples in both states (Fig. S2b). Statistical analyses using the
Wilcoxon matched-pairs signed-rank test indicate a significant difference in both naive (p <
0.01) and activated (p < 0.05) states, suggesting that exposure to HCA may modify 3-HK
metabolism before and after the initiation of an adaptive immune response.
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We have also putatively identified DA (m/z176.07, RT 4.63 min), a metabolite in the
catecholamine biosynthesis pathway (Fig. S3c) and LPC (18:2(9Z, 122)) (m/z520.35, RT
10.49 min), which is formed through the hydrolysis of phosphatidylcholine by the
phospholipase A2 (PLA2) (Fig. S3d). Statistical analyses using the Wilcoxon matched-pairs
signed-rank test indicated no overall significant differences in DA (Fig. 5a, S2¢) and LPC
(18:2(92, 127)) (Fig. 5b, S2d) levels between HCA-positive and -negative samples in either
state, suggesting that exposure to HCA does not impact DA and LPC (18:2(9Z, 122))
metabolism in the naive and activated states.

Characterizing the phenotype of CD4* T lymphocytes and alterations in cytokine
production following exposure to HCA

Lastly, we used fluorescence-based flow cytometry to interrogate differences in cell surface
marker expression and identify any phenotypic features that may distinguish HCA-positive
and HCA-negative CD4* T lymphocytes. We and others have shown that preterm infants
exposed to HCA exhibit increased proportions of CD4* T lymphocytes expressing memory
markers’3: 95, We found decreases in the expression of CD4 and CD8 markers in the HCA-
positive sample. Conversely, we found CD45R0O, CXCR3, and CCR6 to be over-expressed
in the HCA-positive sample (Fig. 6a). In addition, we used Luminex assays to determine
changes in the cytokine production of activated CD4* T lymphocytes following exposure to
HCA. We found significant increases in IFN-y production in HCA-positive samples (p-value
=0.0032) (Fig. 6b). Taken together, these data suggest a notable bias towards a Tl immune
response in HCA-positive preterm infants.

DISCUSSION

Maintenance and regulation of CD4* T lymphocyte metabolic homeostasis is necessary for
producing an effective immune response38: 39, Historically, fetal cytokine responses have
been thought to be biased towards a Type 2 T helper (TH2) phenotype to protect against fetal
rejection?. On the other hand, increased fetal Tl cytokine production has been shown to
increase the risk for inflammatory injury but has also been associated with improved
immunity towards viral and fungal challenges*!. Thus, a better understanding of
mechanisms underlying the CD4* T lymphocyte exo-metabolome may help explain the
seemingly contradictory outcomes of increased fetal Tl cytokine production and also point
to novel therapeutic targets in the prevention of inflammatory injury following preterm birth
and contribute towards the development of treatment options.

We have applied UPLC-IM-MS to produce the first exo-metabolomic profiles of naive and
activated CD4* T lymphocytes derived from human preterm infants with and without HCA
exposure. While our approach has several limitations, we attempted to carefully match
samples for known modulators of immune responses including exposure to prenatal steroids,
delivery mode, sex, race and gestational age. We were not able to rule out other confounding
variables, i.e. maternal smoking?2.

The availability of post-natal blood samples from extremely low birth weight infants
combined with UPLC-IM-MS methodology did not allow us to test more than 20 individual
patients. However, since we analyzed CD4" T lymphocyte exo-metabolomes prior to and
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after activation, we were able to collect a large set of data from 40 separate samples. This
allowed us to perform the appropriate statistical analyses. Lastly, our /n vitro approach may
not reflect the complexity of fetal immune activation associated with in vivo HCA
exposure*3 but our approach provided a means for determining potentially important
metabolites and associated pathways that could be critical to CD4* T lymphocyte
metabolism and function in this vulnerable population, without a priori knowledge.

In utero exposure to HCA is known to prematurely activate the otherwise mostly dormant
fetal adaptive immune response*4; however, its postnatal effects on CD4* T lymphocyte
function and metabolism have not yet been discerned. We discovered that exposure to HCA
has a substantial and defined overall impact on CD4* T lymphocyte exo-metabolomic
profiles in both naive and activated states. This could indicate a positive correlation between
fetal exposure to HCA and dysregulation of naive CD4* T lymphocyte bioenergetics that is
perpetuated in the activated state. An unexpected finding, however, was the sizable within-
group variation exhibited by HCA-negative samples. This variation could be attributed to
naturally occurring biological variability however, it is also possible that exposure to HCA
induces a more uniform exo-metabolomic phenotype. While the timing of sample collection
may explain this intra-group variation, we believe this to not be the case. Studying the
postnatal dates of sample collection did not yield any clear patterns of association and
although our sample size is limiting in this regard, we are confident that the date of sample
collection did not contribute to this intra-group variation.

Both HCA-positive and -negative samples predominantly increased their metabolite
production upon activation and the numeric extent of metabolite turnover was nearly
identical between the two sample types. This large overlap in the levels of exo-metabolic
activity is noteworthy, but expected considering that both sample groups are derived from
the same cell type. However, despite similarities in the overall exo-metabolic activity, the
production and consumption of specific metabolites in response to SEB/CD28-induced
activation varied markedly between HCA-positive and -negative sample types: ~30% of
metabolites produced/consumed were uniquely expressed by CD4* T lymphocytes derived
from HCA-positive infants. This large divergence in the differential expression of specific
metabolites supports a correlation between /n utero HCA exposure and changes in the
bioenergetics of naive and activated CD4* T lymphocytes.

In follow-up analyses of the exo-metabolomic overlap we were able to discern additional
distinctions in the differential expression levels of metabolites common to both sample
types. Almost 60% of the metabolites differentially expressed by both sample groups were
either over- or under-expressed by the HCA-positive sample group. These data indicate a
connection between HCA exposure and metabolic dysregulation of fetal CD4* T
lymphocytes.

We have putatively identified five distinct metabolites that, with further validation, could
function as biomarkers of HCA exposure. These include 4-HNE, 5-HT, 3-HK, DA, and
LPC. 4-HNE is widely known as an inducer of oxidative stress and a highly toxic end
product of lipid peroxidation>-47. Thus, precise regulation of intracellular 4-HNE levels is
necessary for cell survival. This molecule is largely depleted through GSH conjugation,
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which is catalyzed by glutathione S-transferase*®: 49, Consequently, the neutralization/
detoxification process has been shown to be highly dependent on GSH levels®0. Current
evidence suggests that GSH is also of great importance to the initiation and progression of
CD4* T lymphocyte activation®-54, Recent studies even point to a correlation between GSH
deficiency and decreased levels of Ty1-associated cytokines (IL-2 & IFNy)%°.,

Our findings indicate decreased abundances of 4-HNE in HCA-positive CD4* T
lymphocytes in the naive state only. This discrepancy in 4-HNE levels may be due to
increased GSH levels (and therefore increased rates of detoxification) in naive HCA-positive
samples. Although we are not certain as to why GSH levels would be selectively increased
in the naive state, this finding is consistent with existing data that suggest changes in GSH
concentration can affect activation-dependent lymphocyte proliferation without regulating
the activated functions of these cells®6.

In addition to altered 4-HNE metabolism, we observed changes in two metabolites that
belong to the tryptophan metabolism pathway. As downstream metabolites of tryptophan, 5-
HT and 3-HK abundances are directly indicative of tryptophan degradation patterns®’.
Existing data suggest a strong correlation between IFN-y production and sustained up-
regulation of tryptophan degradation®8-1. Posited as the tryptophan depletion theory, the
details of this connection are not thoroughly understood; although, it is thought that IFN~y
production precipitates this up-regulation62. IFN'y is a hallmark pro-inflammatory cytokine
classically associated with the Ti1 adaptive immune response®3: 64, In follow-up
experiments, we have identified statistically significant increases in IFN-y production in
activated CD4* T lymphocytes exposed to HCA, supporting our findings on changes to
tryptophan degradation in HCA-positive CD4* T lymphocytes.

Our observations of increased 5-HT and 3-HK abundances in conjunction with amplified
IFNy production in HCA-positive samples suggests that exposure to HCA may be
associated with the up-regulation of tryptophan degradation in naive and activated CD4* T
lymphocytes. Consequently, our data may indicate a correlation between HCA exposure and
a Tl polarization of the fetal adaptive immune response.

We have also identified DA, a metabolite that belongs to the norepinephrine and epinephrine
biosynthesis pathway. These two catecholamines have been shown to regulate lymphocyte
function, /n vitrd®> %6, As the immediate precursor to NE and the preferential method for its
synthesis, DA abundances are directly indicative of NE biosynthesis patterns®’. Mouse
studies have previously shown the production of catecholamines, including NE and EP, to
have an important role in modulating T lymphocyte-mediated immune responses®: 69, In
fact, elevated levels of these catecholamines in resting T lymphocytes have been shown to
decrease production of IL-12 (a Tl promoting cytokine)’°. Greater abundances of
catecholamines in activated T lymphocytes are also known to impair the function of human
effector Tyl lymphocytes by suppressing IFN+y and IL-2 (pro-inflammatory cytokines)
production and enhance the production of T2 (anti-inflammatory) cytokines’1-73,
Therefore, it was unsurprising for us to find comparable abundances of DA in naive and
activated HCA-positive and —negative samples. Our observations suggest that exposure to
HCA does not impact DA metabolism in naive or activated CD4* T lymphocytes. This may
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be because HCA exposure induces a TH1 polarization of the fetal adaptive immune response
and normal catecholamine production is requisite for this type of immune response.

Lastly, we have also identified LPC (18:2(9Z, 12Z)), a bioactive pro-inflammatory lipid
produced via the hydrolysis of plasma membrane phosphatidylcholine, a process catalyzed
by the PLA2 enzyme’4. Obstruction of this enzymatic function in animal models has been
shown to diminish the development of Tyl and T17 immune responses’®. Mouse studies
from the same research group have also shown cytosolic PLA2 deficient mice to be
incapable of producing Tl type cytokines’®. Considering our findings of comparable LPC
abundances in naive and activated HCA-positive and -negative samples, we believe HCA
exposure does not impact LPC metabolism. This may be because /n utero HCA exposure
induces a Tyl polarization of the fetal adaptive immune response, and consistent LPC
metabolism is necessary for the initiation and production of this immune response.

A suitable balance between Tyl and T2 adaptive immune responses that meets the immune
challenge is necessary to avoid excessive inflammation/tissue damage (T1) and the over-
promotion of allergic responses (T2)?7. Preterm infants with evidence of perinatal infection
exhibit a higher proportion of Ty1 cells than uninfected preterm infants’8, suggesting that
exposure to HCA polarizes the fetal adaptive immune response towards the Tyl type.
Within the noted limitations of our study, our findings may indicate a possible mechanistic
link between /n-utero HCA exposure and Tyl polarization of the fetal adaptive immune
response. Validation studies will be necessary to confirm the immune biomarker role of the
putatively identified metabolites in our study.

To summarize our results, we have shown for the first time that antenatal exposure to HCA
induces changes in the bioenergetics of naive and activated CD4* T lymphocytes of preterm
infants, resulting in altered exo-metabolomic profiles. Putatively identified metabolites
differentially secreted by HCA-positive CD4* T lymphocytes support existing literature,
suggesting that exposure to HCA polarizes the adaptive immune response towards a Tyl
response. In addition to inflammatory injury associated with preterm birth, metabolic
changes to the fetal immune processes resulting from /n utero HCA exposure may explain
the observed immune dysregulation we observed in this study, suggesting a critical role for
the fetal environment in shaping normal and aberrant host responses of the developing
infant.
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(a) Naive State OPLS-Discriminant Analysis
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(b) Activated State OPLS-Discriminant Analysis
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Figure 1. Preterm CD4" T lymphocytes exposed to HCA exhibit distinct exo-metabolomic

profiles in both naive an

d activated states

(a) /eft OPLS-DA score plot illustrates the distinct exo-metabolomic signatures of naive
HCA-positive and -negative CD4* T lymphocytes. Mass spectral data were normalized and
Pareto scaled before analysis. OPLS1 resolves the two sample types, explaining 27.8% of
the covariance in the data. OPLS2 explains 21.9% of the variance between spectra. The
ellipse denotes the 95% significance limit of the model, as defined by Hotelling’s #test. This
experiment was independently performed once; each UPLC-IM-MS measurement was

performed in triplicate (technical replicates).

(b) right OPLS-DA score plot illustrates the distinct exo-metabolomic signatures of activated
HCA-positive and -negative CD4* T lymphocytes. Mass spectral data were normalized and
Pareto scaled before analysis. OPLS1 resolves the two sample types, explaining 23.3% of
the covariance between spectra. OPLS2 explains 28.6% of the variance between spectra. The
ellipse denotes the 95% significance limit of the model, as defined by Hotelling’s #test. This
experiment was independently performed once; each UPLC-IM-MS measurement was

performed in triplicate (technical replicates).
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(b)
Naive State Volcano Plot Analysis Activated State Volcano Plot Analysis
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Figure 2. Exposure to HCA alters CD4* T lymphocyte exo-metabolome production and
consumption patterns following SEB/CD28-induced activation

(@) Venn diagram illustrating the production and consumption of differentially expressed
metabolites ([FC| > 1, p< 0.05) upon stimulation with SEB/CD28. Numerals denote the
number of differentially expressed metabolites and arrows denote the directionality of
change following stimulation.

(b) Volcano plot analyses of HCA-positive and —negative CD4* T lymphocyte exo-
metabolome in the naive and activated states. Comparisons of all metabolites from samples
exposed to /n utero HCA (n=10) and not exposed to HCA (7= 10). Volcano plots display
the relationship between the log2 [FC] and its statistical significance using a scatter plot
view. The y-axis represents the negative log10 of p-values (a higher value indicates greater
statistical significance) and the x-axis signifies the log2 [FC] (normalized abundance were
used to compute these values). Black points indicate metabolites expressed at insignificantly
different levels in both sample types (p > 0.05). Blue points indicate metabolites expressed
at significantly different levels in one sample type over the other (p < 0.05). Putatively
identified metabolites are shown in red and labeled.
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/\ HCApositive sample
(O HCAnegative sample

Figure 3. Naive CD4" T lymphocytes exposed to HCA exhibited decreased abundances of 4-HNE
(a) Box and whisker-plot analysis with scatter overlay depicting the normalized abundance

values of the putatively identified metabolite, 4-HNE (/7/z= 195.07, RT = 1.03 min). Error
bars signify maximum and minimum detected values. HCA-positive samples are denoted by
triangles and HCA-negative samples by circles. Median values are also shown.

(b) Pairwise comparison of the normalized abundance of 4-HNE (/2= 195.07, RT = 1.03
min) in the naive and activated states. Each graph depicts the results of 2-way repeated
measures ANOVA. HCA-positive samples are represented with triangles while HCA-
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negative samples are represented by circles. Statistical significance is denoted with stars (p <
0.05=*; p<0.01 =**),
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Figure 4. Exposure to HCA alters tryptophan metabolism in naive and activated CD4* T
lymphocytes

(a) Box and whisker-plot analysis with scatter overlay depicting the normalized abundance
values of the putatively identified metabolite, 5-HT (/m/z177.08, RT 2.57 min). Error bars
signify maximum and minimum detected values. HCA-positive samples are denoted by
triangles and HCA-negative samples by circles. Median values are also shown.

(b) Box and whisker-plot analysis with scatter overlay depicting the normalized abundance
values of the putatively identified metabolite, 3-HK (/7/2225.09, RT 1.25 min). Error bars
signify maximum and minimum detected values. HCA-positive samples are denoted by
triangles and HCA-negative samples by circles. Median values are also shown.

J Immunol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Matta et al. Page 23

a .
@ HCA-positive HCA-negative
6.7 A 6.7 - E
(@)
o %7 6.2 o
2
S i
'8 5.7 - A 5.7 o
3 4 o
< A
o 5.2 A 5.2 4
iy JATA M o
N
©
4.7 A 7
e 7 5
S
Z
4.2 4 4.2 1
(o]
3.7 3.7
Naive Activated Naive Activated
b - .
(b) HCA-positive HCA-negative
8.0 7 8.0 -
[0
8 7.5 1 7.5 A
3
c
>
<
o) 7.0 A 7.0 4
8
©
e
—
o 6.5 6.5
Z
6.0 6.0
Naive Activated Naive Activated

/\ HCApositive sample
O HCA negative sample

Figure 5. Exposure to HCA does not affect DA and LPC metabolism in naive and activated CD4*
T lymphocytes

(a) Box and whisker-plot analyses with scatter overlay depicting the normalized abundance
values of the putatively identified metabolite, DA (m/z176.07, RT 4.63 min). Error bars
signify maximum and minimum detected values. HCA-positive samples are denoted by
triangles and HCA-negative samples by circles. Median values are also shown.

(c) Box and whisker-plot analysis with scatter overlay depicting the normalized abundance
values of the putatively identified metabolite, LPC (18:2(9Z, 127)) (m/z520.35, RT 10.49
min). Error bars signify maximum and minimum detected values. HCA-positive samples are
denoted by triangles and HCA-negative samples by circles. Median values are also shown.
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Figure 6. Exposure to HCA increases the percentage of memory CD4* T lymphocytes exhibiting

a Tl phenotype and IFN-vy secretion

(a) Representative analytic flow cytometry plot of CD4* T lymphocytes collected on
postnatal day 10 from 5 pairs of preterm infants matched for gestational age, day of blood
draw, sex, race, prenatal steroid exposure, and delivery mode. Each pair consisted of one
HCA-positive and one HCA-negative patient (10 samples total). Here we are showing data
from two 24 weeks gestation female Hispanic infants, delivered via Cesarean section
following prenatal steroid prophylaxis. One infant was exposed to /n utero HCA while the

other showed no clinical or histological signs of chorioamnionitis.

(b) IFN-y secretions were measured by Luminex technology. Cells were collected from 5
pairs of preterm infants matched for gestational age, day of blood draw, sex, race, prenatal
steroid exposure, and delivery mode. Each pair consisted of one HCA-positive and one
HCA-negative patient (10 samples total). Paired t-test was used to determine statistical
significant differences. This experiment was independently performed once, without

replicates.
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Table Il

List of putatively identified metabolites and their mass accuracy.

Feature  Experimental mass-to-charge  Retention Time Putative Molecular Mass Accuracy
ratio pairs (m/z) (min) Identification (ppm)
1 195.07 1.03 4-Hydroxynonenal (4-HNE) 12.80
2 177.08 2.57 Serotonin (5-HT) 17.00
3 225.09 1.25 3-Hydroxykynurenine (3-HK) 20.25
4 176.07 463 Dopamine (DA) 13.10
5 520.35 10.49 LysoPC(18:2(9Z, 122)) (LPC) 28.04
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