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Abstract

Urinary tract infections (UTIs) are a common cause of sepsis worldwide. Annually, over 60,000
US deaths can be attributed to sepsis secondary to UTIs, and African American/Black adults have
higher incidence and case-fatality rates more so than Non-Hispanic White adults. Molecular-level
factors that may help partially explain differences in sepsis survival outcomes between African
American/Black and Non-Hispanic White adults are not clear. In this study, patient samples (N =
166) from the Protocolized Care for Early Septic Shock (ProCESS) cohort were analyzed using
discovery-based plasma proteomics. Patients had sepsis secondary to UTIs and were stratified
according to self-identified racial background and sepsis survival outcomes. Proteomics results
suggest patient heterogeneity across mechanisms driving survival from sepsis secondary to UTIs.
Differentially-expressed proteins (N = 122, FDR-adjusted p < 0.05) in Non-Hispanic White sepsis
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survivors were primarily in immune system pathways, while differentially-expressed proteins (N
= 47, FDR-adjusted p < 0.05) in African American/Black patients were mostly in metabolic
pathways. However, in all patients, regardless of racial background, there were 16 differentially-
expressed proteins in sepsis survivors involved in translation initiation and shutdown pathways.
These pathways are potential targets for prognostic intervention. Overall, this study provides
information about molecular factors that may help explain disparities in sepsis survival outcomes
among African American/Black and Non-Hispanic White patients with primary UTIs.
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INTRODUCTION

Urinary tract infections (UTIs) are common infections worldwide and in the United States,
with an estimated 150 million cases worldwide each year.12 Higher prevalence of UTIs is
associated with increased age and female sex, with ~50% of adult women experiencing at
least one UTI in their lifetime.13 Recurring infections are also common in women. UTIs,
usually caused by uropathogenic Escherichia coli (UPEC),2 can affect healthy individuals or
patients that require catheter usage.2#° UTIs can progress to sepsis and septic shock when
not properly treated, greatly increasing patient mortality rates.5-8

Racial and ethnic disparities exist in UTIs%10 and sepsis.11-15 Non-White patients have
higher odds of developing catheter-associated UTIs than White patients.® Black women
have reported lower odds of recurrent UTIs compared to White women, but this may be
attributed to underestimates of diagnoses in Black women.10 African American/Black UTI
patients have higher incidence and case-fatality rates from genitourinary sepsis than Non-
Hispanic White UT]I patients.1 Disparities in sepsis mortality rates have been demonstrated
in cohorts ranging from ~200,000 to ~2.5 million patients, with patient data as recent as
2018.11.13.15.17 Interestingly, a recent study by Kokoefer et a/. did not find differences

in hospital or intensive care unit mortality across racial/ethnic backgrounds but did find

that African American sepsis patients were younger than and had higher creatinine and
lower hemoglobin levels than Non-Hispanic White sepsis patients.18 Socioeconomic factors,
access to and quality of healthcare, systemic racism, and chronic disease burden are partial
contributors to disparities in sepsis, but notably, differences in patient mortality rates still
exist after accounting for these factors.12:1517.19-22 Therefore, disparities in sepsis survival
outcomes are likely related to socioeconomic and biological factors.

Various studies have suggested molecular-level responses that collineate with racial/ethnic
backgrounds and the host immune response, particularly in zinc finger, metal binding, and
iron homeostasis genes;23 inflammatory and coagulation factors;24-26 and apolipoprotein
L1 alleles.2”:28 More generally, proteins and metabolites in immune response, coagulation,
metabolism, and cellular assembly and movement pathways differ between survivors

and non-survivors in primarily Non-Hispanic White patients with community-acquired
pneumonia (CAP).29-38
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Our laboratory previously demonstrated similarities and differences in the plasma proteome
of African American/Black and Non-Hispanic White survivors of sepsis secondary to intra-
abdominal infections.39 Proteins related to hepatic fibrosis/hepatic stellate cell activation,
such as vascular cell adhesion molecule 1 (VCAML1), were decreased in survivors of both
racial groups and suggested universal changes in sepsis patients.3° However, proteins related
to the complement system and T-cell activation and proliferation were only significantly
represented in African American/Black survivors.3? The expression levels of several acute
phase and complement proteins, as well as proteins associated with type | interferon binding
and receptor activity and natural killer-cell mediated cytotoxicity, were associated with

both the racial background of the patient and sepsis survival outcome.39 However, sepsis
mortality rates differ based on primary infection source, especially between intra-abdominal
infections and UTIs.4° Transcriptomics and metabolomics analyses have suggested a source-
specific host response to sepsis.4142

Here, we are interested in better understanding the molecular response to UTIs and how this
response is related to sepsis survival outcomes in patients with different racial backgrounds.
The initial insight from this study may partially explain disparities in sepsis survival
outcomes. Quantitative proteomics was applied to plasma samples from African American/
Black and Non-Hispanic White patients (N = 166) enrolled in the Protocolized Care for
Early Septic Shock (ProCESS) cohort, a randomized trial comparing fluid resuscitation
strategies in septic shock patients across 31 academic US hospitals.*3 Various treatment
strategies showed equal effectiveness on patient mortality.*3 The ProCESS cohort included
diversity with regards to geographical location, patients’ racial and ethnic background, and
primary cause of sepsis.

MATERIALS AND METHODS

Ethics Statement, Study Design, Patients, & Plasma Collection

ProCESS was a multicenter trial comparing fluid resuscitation strategies for septic shock
from March 2008 to May 2013.43 Across 31 US academic emergency departments (EDs),
1,341 patients were enrolled in the trial.#3 Details and eligibility criteria have previously
been described, %344 and the Institutional Review Boards (IRBs) at the University of
Pittsburgh and all 31 hospitals approved.

For this sub-analysis, which was approved by the Vanderbilt University IRB, ProCESS
patients were selected based on self-identified race (African American/Black or Non-
Hispanic White), primary infection source (UTI),** and availability of plasma. A total of

N = 166 patients were selected for this study. Plasma samples were collected at “time zero,”
which referred to the point of ED admission and enrollment in the ProCESS cohort prior

to treatment, and survival outcomes refer to a patient’s status 90 days post-ED admission.3°
Treatment group was not included as a covariate in this study.*3

Plasma samples were analyzed using a bottom-up, quantitative proteomics workflow in

a randomized and blinded fashion. The workflow featured immunodepletion, automation

of several sample preparation steps, and tandem mass tag (TMTpro) labeling. Following
TMTpro labeling, peptides were fractionated with high pH reverse-phase (RP) fractionation
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and further separated and detected with liquid chromatography-tandem mass spectrometry
(LC-MS/MS; Figure 1A). An overview is described below and details were described
previously.39 Selected proteins from our workflow have previously been validated via
Western blotting.3°

Sample Depletion & Digestion

Two 40-uL aliquots of crude plasma were injected onto a multiple affinity removal system
Hu-14 (MARS-14) column (Agilent; Santa Clara, CA, USA) to deplete the top 14 most
abundant plasma proteins. Immunodepletion was performed following the manufacturer’s
protocol with quality control (QC) samples run daily (unpublished results). The two
unbound fractions were concentrated, combined, and frozen at —80 °C until further analysis.
A bicinchoninic acid (BCA) protein assay (Thermo Fisher Scientific; Waltham, MA, USA)
was used to determine protein concentration. A QC sample was made by pooling equimolar
amounts of each sample (N = 166) at the protein level.

Using a Biomek i7 liquid handling workstation (Beckman Coulter; Atlanta, GA, USA),
in-solution digestion of protein (60 ug) was performed in 100 mM ammonium bicarbonate
buffer for each sample. Protein was reduced with 200 mM dithiothreitol, alkylated with
200 mM iodoacetamide, and digested with trypsin/Lys-C at a 50:1 sample:enzyme ratio.
Digested samples were desalted with a C18 filter plate and a positive pressure apparatus,
dried using centrifugal evaporation, and stored at =80 °C until further analysis.

Sample Tagging

Samples were randomly assigned to 12 TMTpro batches, with each batch containing one
QC sample and at least one sample from each study group for a total of 15 patient samples
(see Supplemental Table S1 for batch assignments). Each batch was balanced for survival
outcome, racial/ethnic background, and age. Peptide samples (25 pg) were reconstituted

in 100 mM triethyl ammonium bicarbonate and labeled with a TMTpro reagent following
the manufacturer’s protocol in a 1:8 sample:tag ratio (Thermo Fisher Scientific; Waltham,
MA, USA). Samples in each batch were pooled, acetonitrile (ACN) solvent was removed
with centrifugal evaporation, and peptides were desalted as previously described.3® Pooled
TMTpro batches (295 ug) were fractionated using basic RPLC offline fractionation to a final
set of 24 concatenated fractions.324% Each fraction (1 pug) was reconstituted in LC-MS grade
water with 0.1% formic acid (FA) and stored at —80 °C.

Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Acquisition

LC-MS/MS analysis was performed as previously described,3° but with a shorter LC
gradient. Each fraction (1 pg) was injected in duplicate onto a Dionex UltiMate 3000 LC
system coupled to a Q-Exactive HF mass spectrometer (both Thermo Fisher Scientific;
Waltham, MA, USA) operated in positive mode. Peptides were loaded onto a commercial
C18 trap column (75 pm i.d. x 2 cm, 100 A, 3 um; Thermo Fisher Scientific, Waltham, MA,
USA\) prior to separation on an in-house C18 packed column (100 pm i.d. x 30 cm, 100 A,
2.5 um) with a pulled tip over the following 160 min gradient: 0-2 min, 2% B; 2-5 min,
2-7% B; 5-88 min, 7-16% B; 88-133 min, 16-25% B; 133-140 min, 25-85% B; 140-146
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min, 85% B; 146-148 min, 85-4% B; 148-160 min, 4% B. Mobile phase A was 0.1% FA
and mobile phase B was 0.1% FA in ACN.

Data Analysis

RAW files were analyzed using Proteome Discoverer v2.5 software (Thermo Fisher
Scientific; Waltham, MA, USA). All technical replicates and fractions from each batch
were combined into one file and searched against the UniProt human reviewed protein
database (02/04/22, 42,264 sequences) using SEQUEST-HT. Selected protein groups

will be referred to as proteins in the rest of this analysis. The mass spectrometry

proteomics data have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org/) via the PRIDE46 partner repository with the dataset
identifier PXD039509. Peptides were filtered to only include those identified with high
confidence and their corresponding proteins, which was further limited to those with at least
two peptide spectral matches. TMTpro reporter ion intensities of quantified proteins were
normalized both within and across batches,*”#8 and normalized data were used for further
statistical analysis.

Linear regression methods were used to identify protein factors associated with survival

and race. For each protein factor, intensity was the dependent variable, and two regression
models were fitted: one with 90-day survival (yes or no) as the independent variable, and
one with survival outcome, race, and their interaction as independent variables. Robust
standard errors were used to account for batch clusters, and all models were adjusted for age
and sex.

We excluded proteins (N = 809) with reporter ion values missing in QC channels and/or
proteins that were detected in <20 samples (<12% of all 166 samples) due to small sample
size. P-values were adjusted using the Benjamini-Hochberg (B-H) false discovery rate
(FDR) procedure to account for multiple comparisons, and adjusted p-values < 0.05 were
considered statistically significant. Analyses were performed using R version 4.2.1 and the
rms package.4®

Fold change (FC) values were calculated for each protein by dividing the mean of sepsis
survivors” TMTpro levels by the mean of sepsis non-survivors’ TMTpro levels. FC cutoffs
were established using a power analysis strategy previously described:50 >1.62 or <0.62
for comparisons of survivors vs. hon-survivors; =1.76 or <0.57 for comparisons of Non-
Hispanic White survivors vs. non-survivors; and =2.51 or <0.40 for comparisons of African
American/Black survivors vs. non-survivors. These cutoffs correspond to the protein for
which the smallest number of patients in that subgroup had reporter ion values.

Ingenuity Pathway Analysis (IPA) and Search Tool for Retrieval of Interacting Genes/
Proteins (STRING)®! were used to identify significant biological pathways and functions
(B-H corrected p < 0.05 and minimum interaction score = 0.400, respectively).
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Patient Characteristics

Demographic characteristics of the subset of ProCESS patients (N = 166) selected for

this study are shown in Table 1. Most patients (74%) survived from sepsis secondary to
UTlIs 90 days post-ED admission, and ~27% of the patients in this study self-identified

as African American/Black. Notably, African American/Black sepsis survivors had a
significantly lower percentage of females (34%) than the other three study groups (64—

80%; XZ = 15.271). Survivors were 6-11 years younger than non-survivors, and notably,
African American/Black non-survivors were five years younger than Non-Hispanic White
non-survivors (68 years vs. 73 years, respectively). Differences in patient age were driven by
survival outcome (p = 0.012) and not racial background (p = 0.470). There was no difference
in the frequency of comorbidities such as diabetes and renal disease across patients.

Differentially-Expressed Proteins & Pathways Associated with Survival

The proteomics workflow subjected ProCESS patient plasma samples to a bottom-up
approach relying on LC-MS/MS (Figure 1A). An initial 3,219 proteins were identified
(183,725 peptides), and of those, 2,410 proteins (175,511 peptides) were analyzed with a
linear regression model (survival only model; Figure 1B). After FDR adjustment (adjusted
p < 0.05), 248 proteins had significant differences in relative protein levels between sepsis
survivors and non-survivors across all patients (Figure 1B, Supplemental Figure S1A, and
Supplemental Table S2).

Synaptogenesis signaling was the most significantly altered pathway between survivors and
non-survivors (B-H p = 0.006), and germ cell-Sertoli cell junction signaling, eukaryotic
initiation factor 2 (EIF2) signaling, and tight junction signaling (all B-H p = 0.025)

were also altered (Supplemental Figure S1B). Other significant pathways associated with
survival outcome broadly relate to inflammation, the endothelial system, and metabolism
(Supplemental Figure S1B). Similarly, in STRING analyses, cell adhesion and immune
processes (such as complement and T-cell regulation) were highly enriched, as well as
metabolic (e.g., fatty acid) and calcium ion binding functions (data not shown). The most
enriched cellular components included proteins localized to immune cells, actin filament
bundles, and neuromuscular junctions. Cadherin-17 (CDH17), myristoylated alanine-rich
C-kinase substrate (MARCKS), VCAML1, and adapter molecule crk (CRK) are examples
of proteins decreased in sepsis survivors (Supplemental Figure S1A). Acute phase protein
histidine-rich glycoprotein (HRG) was the only differentially-expressed protein increased in
Sepsis survivors.

Differentially-Expressed Proteins & Pathways Associated with Survival within Racial

Groups

We assessed survival outcome from within African American/Black and Non-Hispanic
White patient groups using a linear regression model with survival outcome and race
as independent variables for 2,410 proteins. After FDR adjustment (adjusted p < 0.05),
122 (5.1% of the proteins in regression) and 47 (2.0%) proteins were differentially-
expressed between sepsis survivors and non-survivors among Non-Hispanic White or
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African American/Black patients, respectively (Supplemental Table S3; Figures 2A and 2B).
Protein ELYS and interleukin (IL)-5 receptor subunit a (both adjusted p < 0.001; Figure

2A) were higher in Non-Hispanic White survivors compared to non-survivors. HRG and
immortalization up-regulated protein (adjusted p = 0.003 and 0.007, respectively; Figure 2B)
were higher in African American/Black survivors compared to non-survivors.

Differentially-expressed proteins associated with survival outcome across African American/
Black and Non-Hispanic White patients include examples such as: 60S ribosomal protein
L12 (FC =0.05 and 0.30, respectively); lysine-tRNA ligase (FC = 0.05 and 0.33,
respectively); 40S ribosomal proteins S3 (FC = 0.04 and 0.41, respectively) and S21 (FC
=0.09 and 0.51, respectively); inositol polyphosphate 1-phosphatase (FC = 0.06 and 0.41,
respectively); heterogeneous nuclear ribonucleoprotein L (FC = 0.04 and 0.44, respectively);
and X-ray repair cross-complementing protein 6 (FC = 0.10 and 0.40, respectively). For
these example proteins, p-values were < 0.001 in both groups, with the exception of 40S
ribosomal protein S3 in Non-Hispanic White patients (p = 0.048).

Differentially-expressed proteins (N = 17) whose abundances were lower in survivors
compared to non-survivors across Non-Hispanic White and African American/Black patients
(Figure 2C) were primarily ribosomal proteins or ribonucleoproteins involved in translation
and metabolic pathways. These proteins are localized to the urogenital system and female
reproductive organs. Overall, most differentially-expressed proteins that were associated
with positive survival outcomes were identified within a single group (Figure 2C), and

the abundances of these proteins were primarily lower in sepsis survivors compared to
non-survivors.

Differentially-expressed proteins (N = 122) in Non-Hispanic White patients were associated
with survival outcome and mapped to several enriched biological processes and molecular
functions in STRING (Supplemental Table S4), including cell adhesion, calcium binding,
and the cytokine response. Enriched STRING clusters included IL signaling; Janus
kinase-signal transducer and activator of transcription (JAK-STAT) gene and protein
expression following IL-12 stimulation; selenoamino acid metabolism; and extracellular
matrix (ECM) organization. These pathways have been reported as functional in immune
cells (i.e., macrophages and neutrophils), actin bundles of the cytoskeleton, the ECM,

and polyribosomes. However, no canonical pathways were significantly altered between
Non-Hispanic White sepsis survivors and non-survivors in IPA (Figure 2D).

Differentially-expressed proteins in African American/Black patients (N = 47) associated
with survival outcome were significantly involved in EIF2 signaling, telomere extension,
and stearate biosynthesis | via IPA (Figure 2D). These findings suggest DNA replication,
protein translation, and metabolism may influence positive patient survival outcomes

from sepsis in this group. Correspondingly, many metabolic and catabolic processes were
enriched in STRING (Supplemental Table S4), as well as the following Reactome pathways:
eukaryotic translation termination, peptide chain elongation, selenoamino acid metabolism,
and selenocysteine synthesis.
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Proteins with Significant Race-Survival Outcome Interaction

To further assess protein changes across sepsis patients, we included a race-survival outcome
interaction term in the linear regression model with race as an independent variable.
Seventy-one (2.9% of the proteins in regression) proteins had a significant race-survival
outcome interaction (adjusted p < 0.05; Table 2). EIF2 signaling was a significant canonical
pathway, and STRING analysis revealed involvement in tumor necrosis factor (TNF)
response, translation, and metabolism pathways (Figure 3; Supplemental Table S5). Across
our within-group analyses (Figure 2) and this race-survival outcome interaction term (Table
2), 16 proteins overlapped (Figure 4). Similar trends in expression levels were observed
across these 16 proteins in sepsis survivors and non-survivors from both racial groups.
Notably, the abundance levels for all these proteins were highest in African American/Black
sepsis non-survivors. These proteins were primarily involved in EIF2 signaling, but other
translation and metabolic pathways were also implicated (Figure 5).

DISCUSSION

Molecular changes associated with sepsis survival from patients with primary UTIs are

not known. A prior proteomic study in UTI models and patients who developed sepsis
proposed lipopolysaccharide-binding protein, clusterin, and VCAM1 as diagnostic markers
of sepsis.>2 Others have identified differentially-expressed proteins involved in coagulation,
the acute phase response, lipid homeostasis, and iron ion transport as associated with sepsis
severity.3 Our laboratory previously used plasma proteomics to study sepsis survival in

a diverse cohort of patients with primary intra-abdominal infection, identifying proteins
related to hepatic fibrosis/hepatic stellate cell activation (e.g., VCAML) that were decreased
in sepsis survivors.32 However, proteins related to the complement system and T-cell
activation and proliferation were significantly represented in African American/Black
survivors, and the expression levels of several acute phase and complement proteins were
dependent on survival outcome and self-identification within African American/Black or
Non-Hispanic White racial/ethnic groups.3°

Here, we examined survival outcomes from sepsis secondary to UTIs in African American/
Black and Non-Hispanic White patients (N = 166) from the ProCESS cohort*3 with

the goal of understanding disparities and the molecular response to UTIs that may both

be associated with sepsis survival outcomes. Because the host response to sepsis may

be source-specific,4142 and because mortality rates differ between sepsis secondary to
intra-abdominal infections and UTIs,40 it was important to examine the question of racial
disparities in another primary infection source. Survival outcomes were assessed at 90 days
post-ED admission. Overall, our plasma proteomics analyses suggest that sepsis survivors,
regardless of racial background, experience less inflammation and have a corresponding
higher degree of endothelial barrier integrity than non-survivors. Sepsis survivors also
appear to have greater anti-oxidant levels and more beneficial actin dynamics than non-
survivors. Several key inflammatory and/or endothelial system proteins that support these
findings were lower in sepsis survivors than non-survivors, such as: growth-regulated a
protein; S100A8; S100A9; multiple collagens; TNF receptor superfamily member 1A;
VCAM1; prostaglandin reductase 2 (PTGR2); MARCKS; calmodulin; multiple cadherins;
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cAMP-dependent protein kinase type I-a regulatory subunit; Ras-related C3 botulinum toxin
substrate 1; and nectins 2 and 3.

These changes are consistent with others’ reports of sepsis survival and disease severity

of UTIs via discovery and targeted LC-MS/MS, enzyme-linked immunosorbent assays,
real-time reverse transcription polymerase chain reaction, and Western blotting.54-61 Similar
to our previous analysis of patients with primary intra-abdominal infection, proteins related
to inflammation and hepatic fibrosis/hepatic stellate cell activation were decreased in sepsis
survivors,® including VCAMZ1, which has also been proposed as a diagnostic biomarker for
sepsis secondary to UTIs.52 Therefore, these pathways and related molecules may be key
factors involved in sepsis survival across primary infection sources, especially soluble forms
of proteins like VCAML. Interestingly, pathways related to the endothelial system were

not significantly altered in our previous analysis of patients with primary intra-abdominal
infection,39 suggesting possible source-specific responses.

Lower levels of nectin 2 may indicate decreased UPEC invasion,®2 and several differentially-
expressed proteins enriched in female reproductive and genital systems were observed.
These findings suggest that inflammation and endothelial barrier integrity in the urogenital
system may be important in survival outcomes related to sepsis secondary to UTIs.
Tissue-specific responses based on the primary infection site may be important aspects to
investigate in future studies.

Factors Associated with Survival Outcomes and Racial Background of Patients

Metabolism was not significantly impacted in Non-Hispanic White sepsis survivors but
was altered in African American/Black sepsis survivors. For example, PTGR2 was
differentially-expressed in African American/Black survivors compared to non-survivors,
but this was not the case in Non-Hispanic White survivors. Lower levels of proteins such
as PTGR2 and long-chain-fatty-acid--CoA ligase (ACSL1) suggest altered metabolism and
less inflammation in African American/Black survivors compared to non-survivors.83-65
Similar changes in ACSL1 have been demonstrated with whole genome microarrays.54.65
Metabolism, particularly fatty acid transport and B-oxidation, were also heavily implicated
in sepsis survivors in an integrated proteomics and metabolomics dataset from a cohort

of mostly Black sepsis patients with primary CAP.34 Future work should focus on these
pathways as targets for improving patient survival outcomes in sepsis.

We identified 71 proteins with a significant race-survival outcome interaction term,
including proteins involved in a variety of metabolic processes and the immune response,
specifically in the response to the cytokine TNF and regulation of T-cell proliferation.
Previously, we identified pathways related to T-cell activation and proliferation that were
only significantly altered in African American/Black sepsis survivors with primary intra-
abdominal infections.3® Human leukocyte antigen class | histocompatibility antigen, A a
chain protein had a significant race-survival outcome interaction term in both this and our
prior study3® and is known to have several polymorphisms across racial/ethnic backgrounds
that affect the immune system.%6:67 Future studies are needed to understand T-cell activation,
regulation, and/or proliferation functions in diverse racial and ethnic patient populations.
Zinc finger protein 534 was also identified in this set of 71 proteins. Metal-binding genes,
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such as zinc finger genes, impact the immune response®8 and previously were reported as
altered between White and Black CAP patients in a transcriptomics study.23

Most importantly, when we compared results from two statistical approaches to understand
the impact of racial/ethnic background, 16 proteins overlapped and were identified as
having the most substantial relevance to racial/ethnic background and sepsis survival. These
proteins were decreased in survivors from both racial groups. Interestingly, few of these
proteins have previously been identified in studies of UTIs or sepsis from any primary
infection source. Six of these proteins are involved in translation initiation, particularly
EIF2 signaling, and are decreased in survivors at the early timepoint of hospital admission,
suggesting that survivors may be experiencing greater degrees of translation shutdown as
an acute response to sepsis, or prior as a result of the UTI. Although persistent shutdown

is detrimental, initially, translation shutdown is beneficial toward preserved cellular energy,
a regulated cellular stress response, and less cytokine production.59:70 African American/
Black sepsis non-survivors had the greatest abundances of these proteins, which may also
suggest that translation is a partial contributor to these patients’ survival post-ED admission.
Overall, these 16 proteins provide novel changes in sepsis secondary to UTIs and because
they change similarly across racial groups should be explored as prognostic biomarkers for
sepsis.

Study Strengths and Limitations

While a sample size of 166 patients (45 of whom identified as African American/Black) is
larger than most similar studies,29-33.35.38 sample size could be improved in future studies,
especially among African American/Black patients. Only patients with primary UTIs were
selected to control for heterogeneity from multiple infection sources. All ProCESS hospitals
were academic, so hospital type was not a source of variation in this study. All regression
models were adjusted for age and sex because age affects the plasma proteome of sepsis
patients, and both age and sex affect the risk of developing UTIs.1:3:50

However, information about various socioeconomic factors that could contribute to
disparities, such as patients’ geographical region, income, and health insurance
status,11:13.15,19.2L71-77 \were not included in the original study design3 and therefore not
included as covariates. Additionally, ProCESS did not enroll healthy, non-infected patients
or patients who were infected, but not septic.#3 Therefore, there were no non-septic controls
in our analysis to allow for comparisons across pathophysiological conditions, representing a
key limitation to this work.

CONCLUSIONS

Quantitative proteomics analysis of plasma samples from a racially and ethnically diverse
cohort of sepsis survivors and non-survivors with primary UTI suggests that proteins in
the immune response and endothelial system impact patient survival after ED admission.
Sepsis survivors experienced less inflammation, less endothelial barrier damage, and
greater anti-oxidant levels than non-survivors. These changes may be particularly relevant
in the urogenital system. While several differentially-expressed proteins were identified
within Non-Hispanic White (mostly related to the immune system) or African American/

Shock. Author manuscript; available in PMC 2024 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kapp et al. Page 11

Black (primarily metabolic proteins) patients, early translation shutdown was experienced
universally by all sepsis survivors in this study, regardless of racial background. These
studies have provided molecular insight to factors that may contribute to sepsis survival from
UTlIs and partially explain potential differences in outcomes for racial and ethnic groups.
Larger scale studies which examine diverse patient cohorts across various primary sources of
infection and other racial and ethnic groups are still warranted to better explain disparities in
patient survival.
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Figurel.
General (A) sample preparation and (B) data analysis workflow. Plasma samples from

sepsis patients with primary urinary tract infection were obtained at hospital admission with
survival outcome referring to a patient’s status 90 days post-admission. Sample preparation
included tryptic digestion and TMTpro labeling and was partially automated using a Biomek
i7 workstation. Fractionated TMTpro batches were analyzed via LC-MS/MS. Normalized
TMTpro reporter ion intensities for proteins were analyzed using linear regression models
with and without stratification by patients’ racial/ethnic backgrounds (see Materials and
Methods). Differentially-expressed proteins are considered as proteins with an FDR-adjusted
p < 0.05 and significant fold change values (see Materials and Methods). Figure was

created with Biorender.com. Abbreviation: LC-MS/MS = liquid chromatography-tandem
mass spectrometry.
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Figure2.
Analysis of data stratified by patients’ racial/ethnic backgrounds. Volcano plot of protein

log, of averaged TMTpro reporter ion abundances’ ratio of sepsis survivors to non-survivors
as a function of FDR-adjusted p-value (N = 1,216 proteins with un-adjusted p < 0.05) in

(A) Non-Hispanic White and (B) African American/Black patients. Light grey data points
indicate proteins with non-significant FDR-adjusted p-values (adjusted p = 0.05) and/or
non-significant fold change values in Non-Hispanic White patients and African American/
Black patients. Dashed lines indicate p-value and fold change cutoffs. Example proteins are
labeled. (A) Pink data points indicate proteins with both significant FDR-adjusted p-values
(adjusted p < 0.05) and fold change values in Non-Hispanic White patients (N = 122
proteins). (B) Blue data points indicate proteins with both significant FDR-adjusted p-values
(adjusted p < 0.05) and fold change values in African American/Black patients (N = 47
proteins). (C) Venn Diagram of the overlap of differentially-expressed proteins [pink and
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blue proteins from (A) and (B)] between survivors and non-survivors in Non-Hispanic White
and African American/Black patients. (D) Ingenuity Pathway Analysis of the proteins in (C)
(i.e., N = 122 differentially-expressed proteins in Non-Hispanic White sepsis patients and N
= 47 differentially-expressed proteins in African American/Black sepsis patients). Canonical
pathways were identified from the IPA library using Fisher’s exact test adjusted for

multiple hypothesis testing using the Benjamini-Hochberg (B-H) correction. Abbreviations:
RPS21 = 40S ribosomal protein S21; RPS3 = 40S ribosomal protein S3; RPL12 = 60S
ribosomal protein L12; HNRNPL = heterogeneous nuclear ribonucleoprotein L; KARS1

= lysine-tRNA ligase; XRCC6 = X-ray repair cross-complementing protein 6; INPP1 =
inositol polyphosphate 1-phosphatase; IL5RA = interleukin-5 receptor subunit a; AHCTF1
= protein ELYS; IMUP = immortalization up-regulated protein; HRG = histidine-rich
glycoprotein; B-H = Benjamini-Hochberg; EIF2 = eukaryotic translation initiation factor

2.
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Figure 3.

STRING network of proteins with a significant race-survival outcome interaction term (N =
71). Disconnected nodes are hidden. Node color represents key functions, and line thickness
indicates the strength of protein interactions. Blue represents proteins with metabolic
functions, red represents proteins involved in translation, and green represents proteins
involved in the tumor necrosis factor (TNF) response.
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Figure 4.

Box plots of logi;g TMTpro intensities of the 16 proteins that change in both Non-Hispanic
White and African American/Black survivors are shown. The horizontal line in the box
represents the median and X represents the mean. * p < 0.05, ** p < 0.01, and *** p <
0.001, as determined by two-way ANOVAs with replication and Tukey-Kramer post-hoc
tests. Purple represents Non-Hispanic White non-survivors, pink represents Non-Hispanic
White survivors, dark blue represents African American/Black non-survivors, and light blue
represents African American/Black survivors. Abbreviations: THYN1 = thymocyte nuclear
protein 1; ACADVL = very long-chain specific acyl-CoA dehydrogenase, mitochondrial;
60S ribosomal protein L12; RO60 = 60 kDa SS-A/Ro ribonucleoprotein; KARS1 = Lysine-
tRNA ligase; AHSA1 = activator of 90 kDa heat shock protein ATPase homolog 1; RPS3

= 40S ribosomal protein S3; INPP1 = inositol polyphosphate 1-phosphatase; PITPNA

= phosphatidylinositol transfer protein a isoform; HNRNPL = heterogeneous nuclear
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ribonucleoprotein L; EML4 = echinoderm microtubule-associated protein-like 4; RPS21
= 40S ribosomal protein S21; MAN2C1 = a-mannosidase 2C1; SHFL = shiftless antiviral
inhibitor of ribosomal frameshifting protein; XRCC6 = X-ray repair cross-complementing
protein 6; FERMT2 = fermitin family homolog 2.
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1

2

-log(B-H interaction p-value)

Ingenuity Pathway Analysis of the differentially-expressed proteins (N = 16) in both Non-
Hispanic White and African American/Black sepsis survivors that also have a significant
race-survival outcome interaction. Canonical pathways were identified from the IPA library

using Fisher’s exact test adjusted for multiple hypothesis testing using the Benjamini-

Hochberg correction. Abbreviations: B-H = Benjamini-Hochberg; EIF2 = eukaryotic
translation initiation factor 2; DNA = deoxyribonucleic acid; mTOR = mammalian target
of rapamycin; elF4 = eukaryotic translation initiation factor 4F; p70S6K =P70 S6 kinase;

tRNA = transfer ribonucleic acid.
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Survivors
- African American/ Non-Hispanic African American/ Non-Hispanic -~
Characteristic Black White Black White Statistic
N 35 88 10 33
0.012, 0.470,
Age (years) a 62+ 18 62+ 17 68 + 14 73+14 0.453
Female (N, %)? 12 (34%) 56 (64%) 8 (80%) 25 (76%) 15.271
Renal Failure (N, %)? 4 (11%) 13 (15%) 2 (20%) 6 (18%) -
History of Dialysis (N, %)Y 0 (0%) 5 (6%) 0 (0%) 1 (3%) -
Diabetes (N, %)Y 13 (37%) 31 (35%) 3 (30%) 15 (45%) 1.328

a " . o . .
Average + 1 standard deviation. P-values were calculated using a 2-way ANOVA with interaction and are for survival outcome, race, and the

race-survival outcome interaction, respectively.

Number of patients and percentage of total within group. XZ statistics were calculated using contingency table analysis. — indicates where

frequencies were too small to calculate a X2 statistic. Bold denotes significant differences between groups (p < 0.05 or XZ >7.815).
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Proteins with a Significant Race-Survival Outcome Interaction.
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Fold Change Values b

ANc;n Gene Protein Name p-value? Non\;vHri“stpeanic A@%EQN
P49748 AcapvL  Verylongchain spedific acy! CoA dehydrogenase, g ooy 0.29 011
§ P33121 ACSL1 Long-chain-fatty-acid--CoA ligase 1 <0.001 0.60 0.02
§ Q13444 ADAM15 Disintegrin and metalloproteinase domain-containing <0.001 084 036

protein 15

QINX46 ADPRS ADP-ribose glycohydrolase ARH3 0.023 0.55 0.11
* Q8WYP5 AHCTF1 Protein ELYS <0.001 1.89 0.80
095433 AHSA1 Activator of 90 kDﬁor:neg}osg(ick protein AT Pase <0.001 0.36 0.07
095841 ANGPTL1 Angiopoietin-related protein 1 <0.001 1.01 0.49
Q92619 ARHGAP45 Rho GTPase-activating protein 45 <0.001 0.82 1.76
Q92747 ARPC1A Actin-related protein 2/3 complex subunit 1A 0.047 0.68 0.14
Q13510 ASAH1 Acid ceramidase 0.001 0.89 0.51
§ P36543 ATP6V1El V-type proton ATPase subunit E 1 <0.001 1.07 0.22
Q16864 ATP6V1F V-type proton ATPase subunit F 0.024 0.84 0.31
§ Q9BUT1 BDH2 3-hydroxybutyrate dehydrogenase type 2 <0.001 0.67 0.03
P07357 C8A Complement component C8 a chain 0.033 1.00 1.34
Q03591 CFHR1 Complement factor H-related protein 1 0.014 0.86 1.44
043529 CHST10 Carbohydrate sulfotransferase 10 0.002 0.64 1.50
Q6V1P9 DCHS2 Protocadherin-23 <0.001 0.41 4.94
§ Q96HY6 DDRGK1 DDRGK domain-containing protein 1 <0.001 0.70 0.05
Q86TI2 DPP9 Dipeptidyl peptidase 9 0.043 0.56 0.09
P47813 EIF1AX Eukaryotic trans‘!?]trigr%(i)r;gisglon factor 1A, X- <0.001 081 215
Q9HC35 EML4 Echinoderm microtubule-associated protein-like4  <0.001 0.47 0.07
Q15303 ERBB4 Receptor tyrosine-protein kinase erbB-4 0.001 0.99 0.41
§ P38117 ETFB Electron transfer flavoprotein subunit g <0.001 0.34 0.05
Q96AC1 FERMT2 Fermitin family homolog 2 0.018 0.46 0.09
P49915 GMPS GMP synthase [glutamine-hydrolyzing] 0.048 1.01 0.23
§ P42357 HAL Histidine ammonia-lyase <0.001 0.36 0.06
§ P04439—2 HLA-A Isoform 2 of HLA cla;sci EE;?:ompatibility antigen, <0.001 067 012
§ P09651 HNRNPA1 Heterogeneous nuclear ribonucleoprotein Al <0.001 0.59 0.26
P14866 HNRNPL Heter ogeneous nuclear ribonucleoprotein L <0.001 0.44 0.04
§ Q9GZP8 IMUP Immortalization up-regulated protein 0.001 111 2.63
P49441 INPP1 Inositol polyphosphate 1-phosphatase <0.001 041 0.06
Q15046 KARSL Lysine-tRNA ligase <0.001 0.33 0.05
060268 KIAA0513 Uncharacterized protein KIAA0513 0.002 1.04 2.21
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Fold Change Values b

Accession Gene Protein Name Non-Hispanic AAfri(_:an /

Number p-value? White rgelzglcian
* Q6lss4 LAIR? Leukocyte-associated imn;unoglobulin—like receptor <0.001 032 0.99
§ P56470 LGALS4 Galectin-4 <0.001 0.31 0.03
Q96L50 LRR1 Leucine-rich repeat protein 1 0.033 1.18 2.23
* Q32Mz4 LRRFIP1 Leucine-rich repeat flightless-interacting protein 1 <0.001 0.52 1.02
QINTJI4 MAN2C1 a-mannosidase 2C1 <0.001 0.54 0.16
Q9uLC4 MCTS1 Malignant T-cell-amplified sequence 1 <0.001 0.65 2.02
Q10469 MGAT?2 “lage’&al‘gFuocsg’s'a?;}’:ﬁt’g’;i'fgésgN 0.005 0.86 0.53
* Q9Y2G1 MYRF Myelin regulatory factor 0.012 0.42 0.96
P22059 OSBP Oxysterol-binding protein 1 0.021 0.60 0.11
§ Q96BN8 OTULIN Ubiquitin thioesterase otulin <0.001 0.71 0.30
§ P68A02 PAFAH1B2 Platelet-activating factor(fgetylhydrolase 1B subunit <0.001 063 0.24
§ P35558 PCK1 PhosphoenolpyruvatFGc?Lkioxykinase, cytosolic <0.001 0.25 0.02
000625 PIR Pirin 0.020 0.39 0.04
Q00169 PITPNA Phosphatidylinositol transfer protein a isoform <0.001 0.43 0.07
§ Q9Y263 PLAA Phospholipase A-2-activating protein <0.001 0.75 0.26
s Q8NHP8 PLBD2 Putative phospholipase B-like 2 <0.001 0.91 0.37
* Q15063-6 POSTN Isoform 6 of Periostin <0.001 0.55 1.05
* Q15063 POSTN Periostin 0.049 0.49 1.01
Q08752 PPID Peptidyl-prolyl cis-trans isomerase D <0.001 0.88 1.25
P43686 PSMC4 26S proteasome regulatory subunit 6B 0.002 0.65 0.26
§ Q8N8N7 PTGR2 Prostaglandin reductase 2 <0.001 0.27 0.04
P10155 RO60 60 kDa SS-A/Ro ribonucleoprotein <0.001 0.30 0.05
P30050 RPL12 60S ribosomal protein L12 <0.001 0.30 0.05
§ P36578 RPL4 60S ribosomal protein L4 <0.001 0.80 0.13
P63220 RPS21 40Sribosomal protein S21 <0.001 0.51 0.09
P23396 RPS3 40S ribosomal protein S3 <0.001 041 0.04
QINUL5 SHFL Shiftless??gr\ggiif?irxgi;%gr: Ibosomal 0.001 0.40 0.06
AOMZ66 SHTN1 Shootin-1 0.001 0.43 0.14
§ P05455 SSB Lupus La protein <0.001 0.37 0.02
Q9Y365 STARD10 START domain-containing protein 10 0.049 1.04 0.05
P43405 SYK Tyrosine-protein kinase SYK 0.017 0.92 2.17
P37173 TGFBR2 TGF-B receptor type-2 <0.001 0.63 0.49
Q9P016 THYN1 Thymocyte nuclear protein 1 <0.001 0.28 0.04
P32971 TNFSF8 Tumor necrosis factor ligand superfamily member 8 0.002 0.87 0.50
* P45379 TNNT2 Troponin T, cardiac muscle <0.001 0.21 1.18
P12956 XRCC6 X-ray repair cross-complementing protein 6 0.003 0.40 0.10
§ 075191 XYLB Xylulose kinase 0.042 0.40 0.06
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Fold Change Values b
Accession Gene Protein Name 2 Non-Hispanic AAmferzri(i:(?a{]n/
Number p-valu White
Black
Q76KX8 ZNF534 Zinc finger protein 534 0.049 1.50 1.70

a . . . . .
p-values were calculated using a linear regression model and adjusted using FDR.

b . . .
Fold change values refer to comparisons of survivors/non-survivors.

Bold denotes proteins that are also differentially-expressed (have within-group FDR-adjusted p < 0.05 and meet fold change cutoff) in both
Non-Hispanic White and African American/Black survivors.

*
indicates proteins that are differentially-expressed in Non-Hispanic White survivors only.

§indicates proteins that are differentially-expressed in African American/Black survivors only.
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