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Objective: We aim to identify phenotypes of hematopoietic stem cell transplantation
(HSCT) patients with pneumonia, discover relations of microbiota composition, cytokine
profile, and outcomes between phenotypes. Specific cytokines will be evaluated for their role
in lung injury in a murine model.

Methods: HSCT patients with pneumonia were included, and clustering of variables
including cytokine levels provided the phenotypes. Outcomes were compared between
phenotypes. Analysis of lung microbiota identified marker species of phenotypes. In the
murine model, marker species-related cytokine regulations and the role of cytokines in lung
injury were evaluated.

Results: Seventy-two patients were included, and two phenotypes were identified, namely
“reactive” (N=21) and “nonreactive” (N=51) phenotype. Compared to their counterparts,
patients with nonreactive phenotype had lower serum IL-6, IL-8, less severe inflammation,
worse outcomes and more viruses as marker species in lung microbiota. The animal study
validated the pathogens specific cytokine responses that presented in the human study and
the potential protective role of IL-6 in these patients.

Conclusion: HSCT patients with pneumonia can be clustered into two phenotypes with
different marker species and outcomes: the “nonreactive” phenotype and the “reactive”
phenotype. Serum cytokine levels were different between the two phenotypes, which indicate
the existence of the pathogen-related cytokine responses. For patients with the “nonreactive”
phenotype, IL-6 therapy may improve their prognosis, which should be further tested in
clinical studies.

Keywords: hematopoietic stem cell transplantation, pneumonia, phenotype, microbiota,

cytokines

Introduction
Hematopoietic stem cell transplantation (HSCT) is widely applied and validated as
a cure for many hematological diseases and many other disorders.' Although the
prognosis of HSCT has improved with the advance of the treatment strategies,’
various complications including pneumonia still had a high prevalence and mortal-
ity, Lucena et al reported that LTRI had an incidence of 68%,> 1-year mortality of
these patients were 24-52.6% in different studies.>*

Substantial heterogeneity within HSCT patients may have contributed to the
various prognoses and responses to treatments of pneumonia. For example, in
HSCT patients with influenza pneumonia, the reported mortality ranged from
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6.3% to 25%,>° mortality of Respiratory Syncytial virus
pneumonia was 29% to 88%.”° For those who need
their
ventilation' and extracorporeal membrane oxygenation''

respiratory  supports, response to mechanical
also differs between patients with different characteristics.
Recently, Calfee et al and Bos et al have identified pheno-
types of acute respiratory distress syndrome (ARDS)
based on clinical and biological data (including serum
cytokine levels), patients of different phenotypes have
distinct presentations of cytokine levels, other inflamma-
tion presentations, clinical outcomes and response to spe-
cific treatments.'* '

Progress in next-generation sequencing and related bioin-
formatics analysis has provided a new perspective on this type
of patient. Based on sequencing data from bronchial alveolar
lavage fluid (BALF) samples, Herivaux et al discovered that a
decreased alpha diversity increased abundance of a specific
genus of bacteria was related to a higher risk of invasive
pulmonary aspergillosis in HSCT patients.'> O’Dwyer et al
reported that in HSCT patients, alveolar cytokine levels were
associated with the features of lung microbiomes, besides,
patients with lower diversity of lung microbiota had higher
incidence of pulmonary complications.'®

We then hypothesized that 1) there are phenotypes
within HSCT patients with pneumonia, outcomes of
patients will differ between different phenotypes. 2) the
composition of microbiota and cytokine levels differ
between phenotypes 3) Specific cytokines that expressed
differently within each phenotype would affect the severity
of lung injury induced by infection, which could be poten-
tial therapeutic targets in future studies.

Methods

Ethics Statement

The clinical study was approved by the Ethics and Research
board of Peking University People’s Hospital (PKUPH,
2020PHB400-01). The clinical study was conducted under
the principles of the Helsinki Declaration, informed consents
were collected from patients or their relatives before partici-
pation. The animal study was conducted in accordance with
the Guide for the Care and Use of Laboratory Animals by the
NIH and approved by the Animal Center of Peking
University Health Science Center.

Human Study
In the human study, HSCT patients with pneumonia were

divided into different phenotypes with hierarchical

clustering, outcomes of patients with different phenotypes
were compared. Lung microbiotas were analyzed to find
marker families and species for different phenotypes.

Patients in Human Study

We included patients who were admitted to the Intensive
Care Units of PKUPH and PKUIH (from August 2020 to
July 2021) with a diagnosis of HSCT and pneumonia.
Definition of pneumonia was as follows: 1) Have at least
one respiratory symptom (sputum production, cough, dys-
pnea, tachypnea, pleuritic pain) and 2) Abnormal ausculta-
tion (rales or crepitation) or at least one sign of infection
(Temperature >38.0°C, shivering, white blood cell count
>10 x10%/L or <4000 x10°/L) independent of antibiotic
therapy and 3) New infiltrate on chest radiographs.'”'®
Exclusion criteria: We excluded patients 1) <18 years
old, 2) in pregnancy and 3) with a diagnosis of diffuse
alveolar hemorrhage, asthma, bronchiectasis or chronic
obstructive pulmonary disease. Baseline characteristics
(eg, age, sex and days after HSCT) and clinical outcomes
(Ventilator free days and 30-day mortality) of patients
were recorded.

Blood Sampling, Laboratory Tests and
Cytokine Analysis

On the day of ICU admission, blood samples were col-
lected from included patients, regular laboratory tests
including whole blood count, blood chemistry tests (ie,
creatine, lactate), C-reactive protein, procalcitonin levels,
coagulation functions (ie prothrombin time) and arterial
blood gas (ie, PO,/FiO,) were performed in the hospital
laboratory. Cytokine levels (IL-1p, IL-2, IL-4, IL-5, IL-6,
IL-8, IL-10, IFN-y, TNF-a) were measured with a mag-
netic bead array panel (Cytokine Magnetic 10-Plex Panel)
in accordance with the instruction of the manufacturer
(Thermo Fisher, Waltham, MA, USA).

Hierarchical Clustering of Phenotypes,
Characteristics and Outcomes of
Different Phenotypes

Clinical characteristics and cytokine data were normalized,
and Ward’s hierarchical clustering was performed to mini-
mize the variance within each cluster (with “ggdendro”
package in R). The optimal number of clusters was deter-
mined using “Nbclust” package. The clustering result was
visualized with a dendrogram and heatmap using “factoex-
tra” and “ggplot2” packages. Characteristics and outcomes
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were compared between different phenotypes. Kaplan—
Meier statistics were used to estimate the 30-day survival
of patients striated by phenotypes was conducted and
visualized with “survival” and “survminer” packages.

Bronchial Alveolar Lavage Sampling and
RNA-Based Metagenomic Next-

Generation Sequencing

All included patients received a bronchoscope examination
with bronchial alveolar lavage within the first 48 hours of
ICU admission. At least 5 mL of BALF was collected for
each patient. BALF samples were analyzed with an RNA-
based metagenomic next-generation sequencing (mNGS)
to ensure the detection of RNA viruses along with DNA
viruses, bacteria and fungus. The process was performed
as previously described.'® Briefly, RNA was extracted
from BALF samples. Through reverse transcription,
cDNA libraries were constructed and sequenced with
NextSeq 550 System (150-bp paired-end reads; Illumina)
to produce sequencing data for further analysis.

Bioinformatic Analysis of Sequencing
Data

Sequencing data were processed with “Kneaddata”
(v0.9.0) to remove host contaminations.”’ Cleaned data
were analyzed with “Kraken2” (v2.1.2) to assign taxon-
omy in reference to a database based on NCBI library.!
We used “Bracken” (Bayesian Reestimation of Abundance
with KrakEN, v2.1.0) to calculate the abundances of all
species detected in the last step.”? To identify species or
families as markers associated with every phenotype, lin-
ear discriminant analysis effect size (LDA with LEfSe,
vl.1.1) was applied to the reformatted Bracken output
data. The visualization of alpha diversity, beta diversity
and stack-plot of species contribution were achieved using
the “EazyAmplicon” pipeline* in R.

Etiological Diagnosis for Patients

The clinical etiological diagnoses of the included patients
were made based on next-generation sequencing tests,
pathogen culture results of bronchoalveolar lavage fluids,
and with reference to radiological features of the patient.
Then, the doctor in charge of the patient will classify
pneumonia as viral, bacterial, fungal or with other causes,
and the suspected pathogens for all patients were also
recorded.

Animal Study

Based on the result of the human study, the animal study
was designed to further verify the existence of marker
species  (pathogens)-related  cytokine  regulations.
Additionally, to clarify the effect of the related cytokines

on lung injury.

Syngeneic Bone Marrow Transplantation

for Mice

IL-6 knockout (KO) and wild-type (WT) C57 BL/6 mice
(Jackson Laboratory, Bar Harbor, ME, USA) were used in
the animal study. Syngeneic bone marrow transplantation
(BMT) was performed as previously described,”* except
that we only perform transplantation between IL-6 KO
(donor), WT (donor) and WT (recipients); thus, there are
two types of mice after BMT: IL-6 — WT and WT— WT.
Mice will not be infected until the fifth week after transplan-
tation when the hematopoietic cells are reconstructed.*

Intervention Protocol

Pseudomonas Aeruginosa (PA) and Murine gammaherpes-
virus 68 (MHV) were used as agents of infection in mice
after BMT, IL-6 treatment was applied to clarify the role
of IL-6 to lung injury. PA and MHV infections were
performed as previously described.”®” For the IL-6 treat-
ment, mice were treated intranasally with mouse recombi-
nant IL-6 protein (R&D, Minneapolis, MN) at a dosage of
25ug per mouse, diluted with PBS with 0.1% BSA to 50
pL, intranasal inoculated on day 4, 5, 6, 7 post infection.?®
BALF samples and lung tissues were harvested at day 8

post-infection.

BALF Protein and Histological Analysis
We analyzed protein and IL-6 concentration of BALF
using the Modified Lowry Method Protein Assay Kit
(Sigma Aldrich, St. Louis, MO, USA) and a Mouse IL-6
Quantikine ELISA Kit (R&D, Minneapolis, MN), accord-
ing to the instructions of the manufacturer, respectively.

For histological examination, the whole lung was per-
fused with 500 ul of 4% neutral paraformaldehyde in situ
and fixed for 24 hours in 4% neutral paraformaldehyde.
Five-micrometer sections from a fixed, paraffin-embedded
whole lung were then stained with hematoxylin and eosin.
Immunochemical labelling of IL-6 was performed as pre-
viously described.?
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Statistical Analysis

Estimation of sample size was achieved using PASS
(V11.0.7, NCSS, Kaysville, UT, USA). The reported 30-
day mortality for HSCT patients with respiratory failure
was 50-75%.'%2° To present the estimated mortality rate
in the study cohort (62.5% as a mean value), we set the
allowable error rate as 6.25% (62.5% % 0.1), confidence
interval as 0.9, a sample size of 65 is estimated. All
statistical analyses were performed on R (v4.0.4). The
missing variables were replaced using multiple imputation
chained equations (“MICE” package). Variables were pre-
sented as mean + standard deviation or median (interquar-
tile range) as appropriate, categorical variables were
presented as number (percentage). Comparison of two
groups of continuous variables was performed with the
Student’s #-test or Mann—Whitney U-test as appropriate.
Comparison of a categorical variable (ie 30-day mortality)
was achieved using y° test. Correlations between catego-
rical variables were evaluated with Phi coefficient or
Cramer’s V coefficient as appropriate. All tests were
two-sided and p < 0.05 was considered statistically
significant.

Results

Patients

One hundred and five patients with a diagnosis of HSCT
were admitted into the two centers during the study period.
Eighty-one patients were also diagnosed with pneumonia;
among them, 9 patients meet the exclusion criteria, and the
rest 72 patients were included in the study. The baseline
characteristics of patients are reported in Table 1. Most of
the patients received allogeneic HSCT (70[97.2%]), 34
(47.22%) patients received stem cells from donors with
haploidentical HLA matching.

|dentification of Phenotypes

Two clusters were separated based on clinical character-
istics, laboratory tests and cytokine levels
(Figure 1A). We defined the first cluster as the “reactive”

phenotype (21 patients), and the second cluster as the

serum

“nonreactive” phenotype (51 patients). When compared
to patients with nonreactive phenotype, patients with reac-
tive phenotype had higher PaO,/FiO, (Table 2) in arterial
blood gas, higher max temperature, white blood cells
count and granulocyte count, higher C-reactive protein
(CRP) and creatine levels, higher serum IL-6 and IL-8
levels.

Table | Baseline Characteristics of Patients

Number

Age (y) 35 (21-49)
Female sex (%) 29 (40.28)
HLA Matching

Identical (%) 38 (52.78)

Haploidentical (%) 34 (47.22)
Type of HSCT

Allogenic (%) 70 (97.22)

Autologous (%) 2 (2.78)
Days post transplant 165 (78-252)
GvHD within 3 months

Affected (%) 55 (76.4)

Not Affected (%) 17 (23.6)
Type of Primary Malignancy

AML/CML/MDS 39 (54.17)

ALL 24 (33.33)

Lymphoma 5 (6.94)

MM 2 (2.78)

Others 2 (2.78)
Disease Relapse After HSCT

Affected (%) 3 (4.17)

Not Affected (%) 69 (95.83)

Note: Values are given as median (25th to 75th percentiles) or number (%).
Abbreviations: ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia;
CML, chronic myeloid leukemia; GvHD, graft versus host disease; HLA, human
leukocyte antigen; HSCT, hematopoietic stem cell transplantation; MDS, myelodys-
plastic syndromes.

Etiological Diagnosis for Patients
Details of suspected pathogens for patients were recorded in
Table S1 of Supplementary Files, where many pathogens

mutually existed in the two phenotypes. Viral pathogens
contributed to a large proportion of the nonreactive pheno-
types, while bacterial pathogens were more often identified
in patients with the reactive phenotype (Figure 1B). CMV
was moderately correlated with the nonreactive phenotype
(Phi=0.370, P=0.02) and Pseudomonas Aeruginosa was
moderately correlated with the reactive phenotype
(Phi=0.379, P=0.001). The overall correlation between
pathogens and phenotypes were strong (Cramer’s V=0.504,
P<0.001) (Table S2, Supplementary Files).

Worse Outcomes of Patients with

Nonreactive Phenotype

Patients with nonreactive phenotype had a higher rate of
30-day mortality (78.43% vs 42.87%, p=0.0035) and
lower ventilator-free days (4.25£2.21 vs 6.52+5.65,
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Figure | Identification and clinical relevance phenotypes (A) Heatmap of phenotypes. Rows: variables. Columns: patients. First row: dendrogram in red: “reactive
phenotype”, dendrogram in blue: “nonreactive phenotype”. Heatmap: a higher value is marked in dark blue, while a lower value is marked in light blue. (B) Contribution of
suspected pathogens to phenotypes. Viral pathogens contributed to a large proportion of the nonreactive phenotypes, while bacterial pathogens were more often identified
in patients with the reactive phenotype. (C) Kaplan-Meier survival curve to 30 days for patients with reactive or nonreactive phenotype. Log-rank p = 0.0028.

p=0.0161). Figure 1C depicts the survival curve of patients
with reactive or nonreactive phenotypes. Patients with
nonreactive phenotype had a significantly lower survival
rate (Log-rank p=0.0028).

Microbiota Characteristics and Marker

Species of Phenotypes

The alpha diversity, or the diversity within each sample, of
patients within reactive or nonreactive phenotype, was
evaluated with Shannon’s Diversity Index. Patients with
reactive phenotype had higher richness and evenness of

species between samples. The beta diversity was evaluated
using the Bray-Curtis Dissimilarity metric, which consid-
ers the identity and abundance of species shared between
phenotypes. This metric was plotted in a principal coordi-
nate analysis (PCoA) and revealed an apparent pattern of
clustering (see Figure S1 of Supplementary Material).

The contribution of strains in the samples of the 2 pheno-
types is depicted in Figure 2A. In the reactive phenotype, the
most abundant species of is Pseudomonas Aeruginosa, while
in the nonreactive phenotype, Human Cytomegalovirus has the
highest abundance. The species or family profile of the two
phenotypes were analyzed by LEfSe (Figure 2B and C), which
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Table 2 Characteristics and Outcomes of Patients with Different Phenotypes
Nonreactive (n=51) Reactive (n=21) P

Age (y) 33 (20-47) 35 (19-55) 0.131
Female sex (%) 18 (35.29) 11 (15.28) 0.093
SOFA score 6 (5-7) 7 (6-9) 0.422
Mean Arterial Pressure, mmHg 69 (63-78) 72 (60-79) 0.273
PaO,/FiO,, mmHg 137 (94.5-178.8) 188 (115.4-259.3) 0.033
Max Temperature, °C 37.6 (36.2-37.8) 38.4 (37.6-38.8) 0.035
Complete Blood Count

WBC count, x107/L 5.65 (2.67-8.05) 10.76 (8.52-12.29) <0.001

Lymphocyte count, x10%/L 0.32 (0.20-0.68) 0.50 (0.48-0.69) <0.001

Granulocyte count, x10%/L 3.65 (1.53-6.52) 9.51 (3.17-11.02) <0.001

Hemoglobin, g/dL 79 (68-99) 77 (65-96) 0.575

Platelets, x10°/L 40 (20-75) 42 (22-79) 0.431
C-reactive protein, mg/L 71.12 (32.35-84.60) 114.59 (68.80—146.20) <0.001
Procalcitonin, ng/mL 0.59 (0.10-1.28) 0.73 (0.17-2.25) 0.039
Prothrombin Time, S 13.3 (11.5-13.8) 13.7 (11.3-13.8) 0.742
Lactate, mmol/L 221 (1.30-2.72) 3.1 (1.21-3.52) 0.264
Creatine, mmol/L 83 (59-89) 92 (77-105) 0.042
Cytokines

IL-1B, pg/mL® 0 (0-0) 0 (0-0) 0.582

IL-2, pg/mL 0 (0-22) 0 (0-27) 0.975

IL-4, pg/mL 2.42 (0-2.81) 0 (0-2.19) 0.638

IL-5, pg/mL 5.12 (0-10.62) 4.38 (0-7.2) 0.316

IL-6, pg/mL 32.37 (18.26—42.83) 255.45 (76.23-550.01) <0.001

IL-8, pg/mL 10.22 (0-10.16) 30.27 (6.45-40.22) <0.001

IL-10, pg/mL® 0 (0-0) 0 (0-0) 0.725

IFN-y, pg/mL* 0 (0-0) 0 (0-0) 0.374

TNF-a, pg/mL® 0 (0-0) 0 (0-0) 0.355
Radiographic Findings® NA

Consolidation 4 (7.84) 13 (61.90)

Alveolar or interstitial infiltrate 38 (74.51) 12 (57.14)

Pleural effusion 5 (9.80) 8 (38.10)
Clinical diagnosis 0.026

Bacterial pneumonia I 12

Viral pneumonia 32 6

Fungal pneumonia 6 2

Other pathogens 2 |
Outcomes

30-day mortality (%) 40 (78.43) 9 (42.87) 0.0035

Ventilator Free Days 4.25+2.21 6.52+5.65 0.0161

Notes: *Serum levels were generally low for these cytokines, which making the 25th and 75th value of the cytokines both 0 (undetectable by the instrument). ®Radiological
findings were not mutually exclusive. Values are given as median (interquartile range) or mean * standardized deviation or number (%).
Abbreviations: FiO,, fraction of inspired oxygen; GvHD, graft versus host disease; HLA, human leukocyte antigen; HSCT, hematopoietic stem cell transplantation; IL,

interleukin; IFN, interferon; PaO,, partial pressure of oxygen; SOFA, Sequential Organ Failure Assessment; TNF, tumor necrosis factor; WBC, white blood cell.
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Figure 2 Profile of microbiota for patients with reactive or nonreactive phenotype. (A) Abundance of strains in BALF samples of patients with reactive or nonreactive
phenotype. (B) Microbial strains associated with phenotypes as identified by LDA. (C) Microbial families associated with phenotypes as identified by LDA.
Abbreviations: BALF, bronchial alveolar lavage fluid; LDA, linear discriminant analysis.

revealed an enrichment of various bacteria (eg, Pseudomonas
Aeruginosa, Klebsiella Pneumoniae, Stenotrophomonas sp.
ASST) as the marker (LDA score >2) species in the reactive
phenotype. In the nonreactive phenotype, the maker species
RNA viruses (eg,
Syncytial  Virus,

were mainly DNA or Human

Cytomegalovirus, Human Respiratory
Influenza C virus) and Fungus (eg, Aspergillus Fumigatus) or
bacteria (eg, Prevotella Dentalis, Schaalia Odontolytica). On
the family levels, markers for reactive phenotype are
Pseudomonadaceae, Enterobacteriaceae, Staphylococcaceae
and Moraxellaceae. For nonreactive phenotypes, the families

are Herpesviridae, Orthomyxoviridae and Pneumoviridae.

MHYV Infection is Related with Lower
Concentration of BALF IL-6 and More

Severe Lung Injury

Based on the results of the human study, different pathogens
(marker species) were related to two phenotypes with different
IL-6 and IL-8 levels. In the animal study, MHYV, a strain in the
same subfamily of betaherpesvirinae as the cytomegalovirus,
and PA were used as the pathogens. Because mice do not have
the IL-8 gene, in the mice model we focused on the pathogen
specific IL-6 response and its effect on lung injury.

Figure 3A illustrates the details of interventions. For the
WT— WT BMT mice infected with PA, the IL-6 level in
BALF was significantly higher than those infected with
MHV (Figure 3B), while the immunohistochemical staining
also showed a higher number of IL-6 positive cells in PA-
infected mice than MHV infected ones (Figure 3C). In the
histological study (Figure 3D), lung injuries caused by MHV
infection were more serious than in PA infections. There was a
consistent trend of higher concentration of BALF protein
(Figure 3E) in MHV infected mice than PA infected ones
(except for the IL-6 KO — WT + IL-6 group).

IL-6 Treatments Alleviate Lung Injury in

BMT Mice That Received IL-6 KO Marrow
In Figure 3C, the difference of IL-6 expression as influenced by
BMT and infection was depicted. Mice that received IL-6 KO
bone marrows (IL-6 KO — WT) had no IL-6 proteins in cells
of lung tissue, while IL-6 distribution was observed in mice
treated with IL-6 protein (IL-6 KO — WT + IL-6).

As shown in Figure 3D and F, IL-6 KO — WT mice
had much more severe lung injury (caused by PA or
MHV) than WT — WT mice, and IL-6 treatment alle-
viated the severity of the injury. For WT — WT mice, the
protective effect of IL-6 did not exist.
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MHYV started, IL-6 treatments were applied at the 4, 5, 6, 7 days post-infection. BAL and tissues were harvested at the 8-day post-infection. (B) BAL levels of IL-6 in WT—
WT mice infected with PA or MHV. N=10/group. (C) Immunolocalization of IL-6 in lungs after mice infected with PA or MHV. No immunostaining was observed in IL-6 KO
— WT mice. N=3/group. (D) H&E staining of lungs after mice infected with PA or MHV. N=3/group. (E and F) Total protein in BAL of different groups of mice, in two
presentation forms. (E) Comparison of total protein levels between PA and MHYV infected mice. (F) Comparison of total protein between mice with IL-6 KO marrow or WT
marrow; between mice with IL-6 KO marrow before or after IL-6 treatment. N=5/group. *P < 0.05, **P < 0.01, and ***P < 0.001.

Abbreviations: BMT, bone marrow transplantation; H&E, hematoxylin and eosin; IL-6, interleukin-6; KO, knockout; MHV, Murine gammaherpesvirus 68; PA, Pseudomonas
aeruginosa; WT, wild iype.

Discussion with less obvious presentations of inflammation, lower
In this study, we identified two phenotypes in HSCT levels of serum IL-6, IL-8 and worse clinical outcomes,
patients with pneumonia, namely: reactive and nonreactive  their lung microbiota were characterized with lower bio-
phenotypes. Compared to their “reactive” counterparts, diversity and marked with more virus species. In the
patients with nonreactive phenotype were characterized murine model, we further validated this marker species
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(pathogens)-related  cytokine responses (ie IL-6).
Additionally, the potential protective role of IL-6 in infec-
tion-induced lung injury was observed, which could be a
potential therapeutic target in HSCT patients with pneu-
monia that presented as a nonreactive phenotype.

To our knowledge, this is the first study that focused on
the phenotypes of HSCT patients with pneumonia. With
latent class analysis of data from clinical trials, Calfee et al
have identified two phenotypes of ARDS in the general
population,'? the “hyperinflammatory” phenotype is char-
acterized by inflammation (including a higher concentra-
tion of serum IL-6, IL-8), increased mortality and
decreased ventilator-free days. Similar result is reported
by Bos et al, and in their study, patients characterized by
greater inflammation (higher serum cytokine levels) had
increased mortality.'> However, in the present study, a
reactive phenotype is related to lower hospital mortality
and ventilator-free days. One possible explanation is that
ARDS is a clinical syndrome with various etiologies: in
addition to lung infections, pancreatitis and sepsis are also
common causes associated with hyperinflammatory
states.>'*? Yet, patients in our cohort were immunocom-
promised, and the inflammatory response could not be as
competent as the normal subjects. Patients with reactive or
nonreactive phenotypes had relatively low SOFA scores
(Table 2). And unlike the immunocompetent patients with
sepsis, cytokine (eg IL-6) levels in our cohort were much
lower (with 95% confidence interval ranging from 76.23 to
550.01 pg/mL for the reactive phenotype vs 453.85-
9163.64 pg/mL*® or 243-12951** pg/mL in sepsis
patients). This evidence indicates that the reactive pheno-
type may not definitely be related to a catastrophic multi-
ple organ failure, as the “reactive phenotype” in our cohort
were relatively static in cytokine response when compared
to sepsis patients. However, for patients in the “nonreac-
tive phenotype”, their inflammatory response might be
insufficient and contribute to worse outcomes. The under-
lying mechanism for pathogen-related cytokine responses
in HSCT patients needs to be clarified in further studies.

Lower alpha diversity was observed in nonreactive
patients, and as the previous study reported, lower-alpha
diversity of lung microbiota was related to higher mortal-
ity of patients after HSCT,'® which was confirmed in our
study. Our study also identified the marker species of the
two pneumonia phenotypes in HSCT patients and further
evaluated this relation in the murine model. The effect of
etiologic pathogens and inflammatory responses that were
evaluated with cytokine levels were explored in several

studies. Burgmeijer et al reported that in patients with
community-acquired pneumonia, serum IL-6, IL-17a, and
INF-y were significantly higher in pneumococcal infected
ones than those with a strict viral etiology.>> Nonetheless,
a higher level of cytokines in bacterial pneumonia (com-
pared to viral pneumonia) was not observed in another
study.*® Déring et al reported that compared to viremia,
pediatric HSCT patients with bacteremia had significantly
higher levels of serum IL-8, but IL-6 levels were similar
between the two groups.®’ In addition, pneumonia with a
specific virus origin (eg Influenza A or SARS-CoV-2) can
also cause upregulated cytokine profiles.>®>° With limited
evidence, we can only infer whether those specific patho-
gens (eg, Cytomegalovirus, Pseudomonas Aeruginosa) can
influence cytokine regulation in HSCT patients.

Many studies have evaluated the role of IL-6 in infec-
tion-related lung injury. In studies of experimental ARDS
induced by aspiration of bacterial endotoxin, the addition
of recombinant IL-6 reduced pulmonary inflammation***!
as we discovered. Similarly, IL-6 KO mice that were
infected with influenza had higher mortality and reduced
macrophage phagocytic function.**** This protective role
in mice with HSV-1
pneumonia.** However, in the model of extrapulmonary,

of IL-6 was also observed

sepsis-induced ARDS, inhibition of IL-6 receptor with
tocilizumab reduced lung inflammation and mortality.*’
In critically ill patients with coronavirus disease 2019
(COVID-19), IL-6 receptor antagonists Tocilizumab and
Sarilumab improved patient survival.*® In the present
study, IL-6 treatment alleviated lung injury in recipients
of IL-6 KO marrows; nonetheless, recipients of WT mar-
rows did not further benefit from it. With reference to
previous studies, the protective or exacerbating role of
IL-6 may be contextual, depending on the pathogen’s
ability to ignite the inflammatory response and the extent
of immune response from the host, in other words,
whether the immunological responses are “adaptive” to
the infection.*’” One analogous situation is the inflamma-
tion response in sepsis, where the early stage of sepsis is
characterized by a hyper-inflammation stage that is fol-
lowed by an immunosuppressive stage. Both of the two
“maladaptive” immunological statuses contributed to the
mortality of sepsis, while patients with a relatively adap-
tive response had a higher chance of survival.** Our study
indicated that HSCT patients with pneumonia are present-
ing with two different inflammation phenotypes (reactive,
nonreactive). For patients with the “nonreactive” pheno-
type (possibly with a maladaptive response), IL-6 therapy
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may improve their prognosis, which should be further
tested in clinical studies.

Our study has several limitations. First, although two
phenotypes were successfully identified, the sample size of
the human study was still limited; this would potentially
reduce the reliability of the results. This problem was
indirectly solved with validation in the animal study.
Second, the animal study did not clarify the mechanisms
of pathogens related cytokine (ie, IL-6) responses, also,
not all marker species were evaluated in animal studies.
Besides, as the application of IL-6 or its monoclonal anti-
body was off-label in our cohort, their effect in the clinical
environment cannot be evaluated in this study. All these
issues should be targeted in future studies.

Conclusion

HSCT patients with pneumonia can be clustered into two
phenotypes with different marker species and outcomes:
the “nonreactive” phenotype and the “reactive” phenotype.
Serum cytokine levels were different between the two
phenotypes, indicating the existence of the pathogen-
related cytokine responses. For patients with the “nonreac-
tive” phenotype, IL-6 therapy may improve their prog-
nosis, which should be further tested in clinical studies.

Data Sharing Statement

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.
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