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Abstract

Aims/Background: Acute respiratory failure (ARF) may develop in some patients with community-acquired pneumonia (CAP), result-
ing in a significantly increased mortality rate. Early identification of high-risk patients is essential for improving prognosis. This study
aimed to investigate the predictive value of inflammatory and immune markers for acute respiratory failure in patients with community-
acquired pneumonia. Methods: This single-center retrospective cohort study included 334 patients with community-acquired pneu-
monia admitted at Zhuji Sixth People’s Hospital, between January 2021 and December 2024. Patients were divided into a CAP-only
(non-event) group and a CAP-ARF (event) group based on the development of acute respiratory failure. Inflammatory markers (white
blood cell count, neutrophil count, tumor necrosis factor-o, etc.) and immune markers (complement components 3 and 4[C3andC4],
immunoglobulins A and G [IgAand IgG], etc.) were collected within 24 hours of admission. Univariate and multivariate logistic re-
gression analyses were performed to identify independent predictive factors, and the predictive performance of individual and combined
indicators was evaluated using receiver operating characteristic (ROC) curves. Results: Multivariate analysis showed that elevated white
blood cell count, neutrophil count, and tumor necrosis factor-a levels were independent risk factors for acute respiratory failure, while
decreased levels of complement C3 and C4, and IgA and IgG, were independent protective factors. The combined predictive model
incorporating these indicators demonstrated excellent predictive performance for acute respiratory failure, with an area under the curve
(AUC) of 0.853. Conclusion: In patients with community-acquired pneumonia, inflammatory and immune markers exhibit significant
predictive value for the development of acute respiratory failure. A combined assessment of white blood cell count, neutrophil count,
tumor necrosis factor-a, complement C3 and C4, and IgA and IgG may facilitate early identification of high-risk patients and inform
clinical decision-making.
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1. Introduction failure (ARF) and can rapidly progress to acute respiratory
distress syndrome (ARDS) [5,6]. Once ARF develops in
CAP patients, the need for mechanical ventilation and cir-
culatory support increases significantly, and the in-hospital
mortality rate may rise from 5-15% in general CAP pa-
tients to 25—40%, with critical cases exceeding 50% [7].
Therefore, early identification of patients at risk of ARF and
timely implementation of targeted interventions are essen-
tial steps to improve prognosis.

Community-acquired pneumonia (CAP), one of the
most clinically challenging lower respiratory tract infec-
tions, continues to impose a substantial global disease bur-
den [1]. CAP is generally defined as pneumonia acquired
outside of a hospital setting or an acute parenchymal lung
infection occurring within 48 hours of hospital admission.
Typical clinical manifestations include cough, fever, puru-
lent sputum, and radiographic evidence of pulmonary in-

filtrates [2]. Epidemiological studies indicate that CAP re-
mains a leading infectious cause of mortality worldwide,
with elderly individuals and those with underlying comor-
bidities at particularly high risk [3]. The prevalence of
community-acquired pneumonia in urban areas of China
is also increasing at approximately 7.13 cases per 1000
person-years, underscoring its significance as a major pub-
lic health concern. Clinical outcomes among CAP patients
vary considerably. While most patients respond to standard
anti-infective therapy, approximately 8-20% of hospital-
ized patients progress to severe community-acquired pneu-
monia (S-CAP), with some requiring intensive care [4]. In
more severe cases, patients may develop acute respiratory

The core mechanism underlying the progression of
CAP to ARF involves the overactivation of the immune-
inflammatory response. Following pathogen invasion,
pathogen-associated molecular patterns (PAMPs) and host-
derived damage-associated molecular patterns (DAMPs)
are recognized by the immune system, thereby activating
multiple inflammatory pathways, including those involv-
ing neutrophils, monocytes/macrophages, and the comple-
ment system [8,9,10]. When this inflammatory cascade is
dysregulated, it leads to increased alveolar-capillary mem-
brane permeability, resulting in protein leakage and dif-
fuse lung injury. This uncontrolled systemic inflammatory
response and immune dysregulation are considered cen-
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tral drivers of CAP progression, highlighting the poten-
tial value of related biomarkers in predicting disease sever-
ity and complications [11]. Currently, commonly used in-
flammatory markers in clinical practice include white blood
cell count (WBC), neutrophil percentage, C-reactive pro-
tein (CRP), procalcitonin (PCT), interleukin-6 (IL-6), and
tumor necrosis factor-o. (TNF-0). Although these indica-
tors correlate with CAP severity and complications, the
sensitivity and specificity of commonly used markers such
as CRP and PCT for predicting ARF remain suboptimal
[12,13]. In recent years, immune-related markers, includ-
ing lymphocyte count, lymphocyte subsets, cluster of dif-
ferentiation 4/cluster of differentiation 8 (CD4/CDS) ratio,
and immunoglobulin levels, have received increasing atten-
tion [14]. Lymphopenia has been shown to be significantly
associated with post-infection immunosuppression, disease
progression, and an increased risk of mortality. Composite
indices such as the neutrophil-to-lymphocyte ratio (NLR)
and platelet-to-lymphocyte ratio (PLR), which are sensitive
markers of systemic inflammation, have also been shown to
be closely associated with the development of respiratory
failure and severe community-acquired pneumonia [15].

Recent studies have increasingly focused on the role
of the complement system in pulmonary inflammation. The
complement system exerts a dual role in pathogen clearance
and in amplifying the inflammatory response; its activation
products, including complement component 3a (C3a), com-
plement component 4b (C4b), and complement component
5a (C5a), can induce increased vascular permeability, ex-
cessive neutrophil aggregation, and tissue damage [16]. Im-
mune imbalance resulting from excessive complement acti-
vation is considered a key mechanism contributing to CAP
exacerbation [17]. However, the clinical value of comple-
ment components such as C3 and C4 in predicting the pro-
gression of CAP to ARF remains unclear and warrants fur-
ther investigation.

Although numerous studies have demonstrated asso-
ciations between inflammatory and immune indicators and
CAP severity, significant gaps remain. Previous studies
have largely focused on long-term outcomes, such as mor-
tality or intensive care unit (ICU) admission, with limited
emphasis on early prediction of ARF. Furthermore, numer-
ous studies have focused on critically ill populations, with
insufficient risk stratification among general CAP patients,
which limits the generalizability of findings. Against this
background, this study aimed to systematically evaluate the
predictive value of inflammatory and immune markers for
acute respiratory failure, thereby facilitating early risk strat-
ification and optimized treatment strategies for high-risk
patients. Through intergroup comparisons, multivariate lo-
gistic regression, and ROC curve analysis, this study fur-
ther investigated the clinical value of inflammatory mark-
ers, such as IL-6 and WBC, as well as immune markers, in-
cluding lymphocyte count, C3, and C4, in predicting acute
respiratory failure. By assessing the role of inflammatory

and immune responses in the progression of community-
acquired pneumonia using clinical data, this study provides
more robust and clinically applicable evidence to inform
early diagnostic and therapeutic decision-making.

2. Methods
2.1 Criteria for Participant Inclusion

This retrospective observational cohort study was con-
ducted using Zhuji Sixth People’s Hospital electronic medi-
cal records. Patients hospitalized with community-acquired
pneumonia between January 2021 and December 2024
were retrospectively identified. According to hospital ad-
ministrative data, 673 patients were admitted with CAP
at Zhuji Sixth People’s Hospital during the study period.
Among these, 353 patients had complete inflammatory and
immune marker panels (including cytokines, complement
components, and immunoglobulins) measured within 24
hours of admission and recorded in the electronic medi-
cal records. After applying predefined inclusion and ex-
clusion criteria, a total of 334 patients were included in the
final analysis. Patients were grouped according to whether
they developed acute respiratory failure within the first 24
hours after admission. Patients who developed ARF were
assigned to the CAP-ARF group (event group, n = 72),
while those without ARF were assigned to the CAP-only
group (non-event group, n = 262). The study protocol was
reviewed and approved by the Ethics Committee of Zhuji
Sixth People’s Hospital (approval number: 2025-06). In
accordance with national regulations governing retrospec-
tive studies, the requirement for individual informed con-
sent was waived by the Ethics Committee of Zhuji Sixth
People’s Hospital given the retrospective design, use of
anonymized data, and minimal risk to participants.

The diagnosis of CAP was established based on
widely accepted international guidelines [18]. Eligible pa-
tients were required to have an epidemiological history
consistent with community-onset CAP, present with clin-
ical manifestations of acute lower respiratory tract infec-
tion (such as new or worsening cough, sputum produc-
tion, fever, moist rales, or focal signs), and demonstrate
chest imaging findings (chest X-ray or computed tomog-
raphy [CT]) showing new patchy exudates, consolidation,
or ground-glass opacities. Non-infectious etiologies, in-
cluding tuberculosis, lung tumors, cardiogenic pulmonary
edema, interstitial lung disease, and pulmonary embolism,
were excluded. Acute respiratory failure was defined ac-
cording to commonly used European Respiratory Soci-
ety/American Thoracic Society (ERS/ATS) criteria: arterial
partial pressure of oxygen (PaO,) <60 mmHg (on room air)
or arterial partial pressure of oxygen to fraction of inspired
oxygen (Pa0,/Fi0;) <300 mmHg on admission; require-
ment for non-invasive or invasive mechanical ventilation;
or the presence of acute hypercapnia (arterial partial pres-
sure of carbon dioxide [PaCO,] >45 mmHg) with acidosis
(pH <7.35) [19]. To ensure consistency in group classifi-
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cation, blood gas parameters and supportive interventions
within the first 24 hours after admission were used as the
reference time point.

Inclusion criteria were as follows: age >18 years;
meeting the above-mentioned diagnostic criteria for CAP;
completion of all pre-specified inflammatory and immune
marker tests within 24 hours of admission; and availabil-
ity of complete blood gas, imaging, and clinical outcome
data from electronic medical records, laboratory systems,
or imaging databases. Exclusion criteria included: a his-
tory of long-term immunosuppression (including ongoing
chemotherapy, organ transplantation, or long-term hor-
mone or immunosuppressive therapy); pre-existing chronic
respiratory failure or long-term oxygen therapy; comorbid
conditions such as confirmed interstitial lung disease, pul-
monary embolism, severe heart failure, hematological dis-
orders, or rheumatic immune diseases that can indepen-
dently influence study indicators; and missing admission
data or key laboratory tests. After the above screening pro-
cedures and exclusion of ineligible individuals, 334 eligible
patients were retained for statistical analysis. Fig. 1 illus-
trates the patient selection process.

2.2 Measurement and Evaluation of Clinical Indicators

All clinical and laboratory data were obtained from
the patient’s medical records. Venous blood samples were
collected within 24 hours of admission, under fasting or
routine conditions, and processed according to standard-
ized laboratory protocols. Routine hematological indica-
tors (complete blood count and differential) were mea-
sured by the hospital’s clinical laboratory using a Sys-
mex series automated hematology analyzer (Sysmex XE-
2100, Sysmex Corporation, Kobe, Japan). C-reactive pro-
tein was quantified using immunoscattering methods. Pro-
inflammatory and anti-inflammatory cytokines (IL-6, IL-
8, TNF-a, etc.) were quantified using validated enzyme-
linked immunosorbent assay (ELISA) kits (Human IL-6
ELISA Kit, catalog No. KHC0061; Human IL-8 ELISA
Kit, catalog No. KHC0081; Human TNF alpha Uncoated
ELISA Kit, catalog No. 88-7346-88; Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manufac-
turer’s instructions. Complement components 3 and 4 (C3,
C4) and immunoglobulins G, M and A (IgG, IgM, IgA)
were determined using immunonephelometry and immuno-
turbidimetry techniques. Basic demographic characteristics
(including age, gender, smoking history, and body mass in-
dex [BMI]), comorbidities (hypertension, chronic obstruc-
tive pulmonary disease [COPD], diabetes mellitus, and
heart disease), early treatment factors (broad-spectrum an-
tibiotic use, guideline-concordant therapy), and in-hospital
clinical outcomes were also extracted from patient medi-
cal records.. To ensure data quality, laboratory results were
directly exported from the laboratory information system
to minimize manual transcription errors. Demographic and
clinical data were manually extracted and cross-checked
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against multiple sources within the medical records. All
collected data were screened for out-of-range values and
logical inconsistencies, and any discrepancies were verified
against the original medical records prior to final statistical
analysis.

2.3 Statistical Analysis

Statistical analyses were performed using SPSS ver-
sion 24.0 (IBM Corp., Armonk, NY, USA). Continuous
variables were initially assessed for normality using the
Shapiro-Wilk test. Normally distributed data are presented
as mean * standard deviation (mean + SD), and compar-
isons between groups were performed using independent
samples #-tests. Non-normally distributed data are pre-
sented as median (interquartile range) [M (Q;, Qs)], and
comparisons between groups were conducted using the
Mann-Whitney U test. Categorical variables are expressed
as frequencies (n) and percentages (%), and comparisons
between groups were performed using the chi-square ()?)
test or Fisher’s exact test, as appropriate.

To identify factors independently associated with
acute respiratory failure, univariate logistic regression anal-
ysis was first performed. Based on the univariate analysis
results (p < 0.05), candidate variables were selected and
entered into the multivariate logistic regression model to
adjust for potential confounding effects. Results are pre-
sented as odds ratios (ORs) with corresponding 95% con-
fidence intervals (95% Cls). To enhance model stability,
the event-to-variable ratio principle was applied, ensuring
that each independent variable in the final model corre-
sponded to at least 10 endpoint events to control for over-
fitting [20]. Receiver operating characteristic (ROC) curve
analysis was subsequently performed to evaluate the dis-
criminative performance of the predicted probabilities de-
rived from the multivariate regression model for ARF. To
assess potential multicollinearity among the independent
variables included in the multivariate logistic regression
model, the variance inflation factor (VIF) was calculated.
A VIF value greater than 10 was considered indicative of
significant multicollinearity that could compromise the sta-
bility of the model estimates. All statistical tests were two-
sided, with p < 0.05 considered statistically significant.

3. Results

3.1 Comparison of Patient Baseline Characteristics

This study ultimately included 334 patients with
community-acquired pneumonia, of whom 262 (78.44%)
did not develop respiratory failure, and 72 (21.56%) did.
As shown in Table 1, no statistically significant differences
between the two groups in baseline characteristics were ob-
served, including age, body mass index (BMI), smoking
status, gender, IL-6, IL-8, CRP, early treatment factors, co-
morbidities, and IgM (all p > 0.05), suggesting that these
variables may not be significantly associated with the risk
of respiratory failure in CAP patients. However, regarding
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Fig. 1. Flowchart of patient selection and study design. CAP, community-acquired pneumonia; ARF, acute respiratory failure;

Pa0,/Fi0,, arterial partial pressure of oxygen to fraction of inspired oxygen.

inflammatory and immune markers, patients in the event
group exhibited significantly higher white blood cell count,
lymphocyte count, neutrophil count, and tumor necrosis
factor-a (TNF-a) (all p < 0.05), while complement C3 and
C4 levels, as well as IgA and IgG levels, were significantly
lower than those observed in the non-event group (all p
< 0.05). These findings suggest that dysregulated inflam-
matory activation and immune response imbalance may be
closely associated with the development of respiratory fail-
ure in CAP patients.

3.2 Results of Univariate Regression Analysis

To preliminarily identify factors associated with res-
piratory failure in patients with community-acquired pneu-
monia, univariate logistic regression analysis was per-
formed. The results indicated that among the inflamma-
tory and immune markers evaluated, white blood cell count,
neutrophil count, tumor necrosis factor-a, complement C3,
complement C4, IgG, and IgA were all significantly asso-
ciated with the development of respiratory failure (all p <
0.05), suggesting that these markers may serve as poten-
tial risk or protective factors. Conversely, smoking history,
gender, age, BMI, lymphocyte count, comorbidities, early
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Table 1. Baseline characteristics of study participants.

Variables Non-event group (n=262)  Event group (n = 72) Statistic p-value
Age (years) 55.77 (48.02, 62.53) 54.65 (48.73,63.71) Z=-0.380 0.704
BMI (kg/m?) 26.38 +3.73 26.58 +3.41 t=-0.418 0.676
Gender, n (%) ¥ =0.066 0.797

Female 112 (42.75) 32 (44.44)

Male 150 (57.25) 40 (55.56)
Comorbidities, n (%) - 0.148

Hypertension 48 (18.32) 17 (23.61)

COPD 30 (11.45) 13 (18.06)

Diabetes mellitus 14 (5.34) 3(4.17)

Heart disease 2 (0.76) 2 (2.78)
Early treatment factors, n (%)

Broad-spectrum antibiotic use 183 (69.85) 46 (63.89) ¥ =0.930 0.335

Guideline-concordant therapy 213 (81.30) 53 (73.61) ¥ =2.058 0.151
Smoking status, n (%) ¥ =0.029  0.864

Never 99 (37.79) 28 (38.89)

Current/Former 163 (62.21) 44 (61.11)
WBC (x10°/L) 6.78 £ 0.94 7.41£1.00 t=-5.015  <0.001
Neutrophil count (x10°/L) 4.81+1.00 524 +1.01 t=-3.257 0.001
Lymphocyte count (x10%/L) 2.64 (2.52,2.76) 2.69 (2.61,2.79) Z=-2.064 0.039
IL-6 (pg/mL) 59.60 (54.70, 68.01) 61.88 (54.14, 68.48) Z=-0.084 0.933
IL-8 (pg/mL) 4.66 +0.86 4.69 = 0.94 =-0.296 0.767
CRP (mg/L) 131.61 +19.89 126.61 £ 18.09 t=1.926 0.055
TNF-a (pg/mL) 17.14 (13.65, 20.49) 18.30 (15.49, 22.64) =-2.582 0.010
C3 (g/L) 1.51+£0.29 1.22+0.28 t=17.653 <0.001
C4 (g/L) 0.49 (0.34, 0.62) 0.41 (0.28, 0.56) Z=-2411 0.016
IgM (g/L) 1.15+0.28 1.15+0.25 t=-0.074 0.941
IgA (g/L) 2.73+£0.73 2.52+0.65 t=2.226 0.027
1gG (g/L) 9.84 (8.35, 11.11) 9.53 (8.24, 10.65) Z=-2947 0.003

BMI, body mass index; COPD, chronic obstructive pulmonary disease; WBC, white blood cell count; IL, interleukin;

CRP, C-reactive protein; TNF-a, tumor necrosis factor-o; Ig, immunoglobulin; C3, complement component 3; C4,

complement component 4.

treatment factors, IL-6, IL-8, CRP, and IgM were not sta-
tistically significant (Table 2).

3.3 Results of Multivariate Regression Analysis

To further control for potential confounding and iden-
tify independent predictors, variables that were significant
in the univariate analysis were entered into a multivariate
logistic regression model. The results (Table 3) confirmed
the independent predictive value of several indicators. No-
tably, WBC (OR =1.922, 95% CI: 1.363-2.709, p <0.001)
and neutrophil count (OR = 1.643, 95% CI: 1.172-2.304, p
= 0.004) were independently associated with an increased
risk of respiratory failure. In contrast, complement C3 (OR
=0.033 per 1 g/L increase, 95% CI: 0.010-0.108, p <0.001)
and complement C4 (OR = 0.071 per 1 g/L increase, 95%
CI: 0.010-0.500, p = 0.008) showed strong protective ef-
fects. Similarly, immunoglobulin IgA (OR = 0.561, 95%
CI: 0.353-0.893, p = 0.015) and IgG (OR = 0.752, 95%
CI: 0.577-0.980, p = 0.035) were identified as independent
protective factors. Furthermore, elevated levels of the in-
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flammatory cytokine TNF-o were independently associated
with increased risk (OR = 1.103, 95% CI: 1.030-1.181, p
= 0.005). The variance inflation factor (VIF) values for all
variables included in the final model ranged from 1.005 to
1.050, which are substantially below the threshold of 10, in-
dicating no evidence of clinically relevant multicollinearity.

3.4 ROC Curve

To further evaluate the combined predictive value of
the independent predictive factors identified above, the
seven indicators from the multivariate analysis, including
WBC, neutrophil count, TNF-a, C3, C4, IgA, and IgG,
were analyzed collectively using ROC curve analysis to as-
sess their overall predictive performance. As shown in Fig.
2, the combined model demonstrated strong discriminatory
capacity for respiratory failure in patients with community-
acquired pneumonia, with an area under the curve of 0.853
(95% CI: 0.802—-0.903). At the optimal cut-off value of
0.246, the model achieved a sensitivity of 79% and a speci-
ficity of 82%. These results indicate that the composite
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Table 2. Univariate logistic regression analysis of factors associated with acute respiratory failure.

Variables B SE z p-value OR (95% CI)
Smoking

Never 1.000 (Reference)

Current/Former -0.047 0.273 -0.171 0.864 0.954 (0.559-1.631)
Gender

Female 1.000 (Reference)

Male -0.069 0.268 -0.257  0.797 0.933 (0.552-1.578)
Comorbidities

Hypertension 0316  0.320 0.987 0.324 1.372 (0.7321-2.569)

COPD 0.529  0.363  1.458 0.145 1.697 (0.833-3.454)

Diabetes mellitus -0.247 0.651 -0.379  0.705 0.782 (0.218-2.798)

Heart disease 1.327  1.009 1.315 0.189  3.768 (0.521-27.233)
Early treatment factors

Broad—spectrum antibioticuse  —0.269  0.280 —0.963 0.336 0.764 (0.441-1.322)

Guideline—concordant therapy  —0.444 0311 -1.427  0.153 0.64 2(0.349-1.180)
Age 0.003  0.014 0.232 0.817 1.003 (0.976-1.031)
BMI 0.015 0.036 0.419 0.675 1.015 (0.945-1.091)
WBC 0.707  0.152  4.637  <0.001 2.028 (1.504-2.734)
Neutrophils 0.448  0.142  3.167 0.002 1.566 (1.186-2.066)
Lymphocytes 1.476  0.791 1.865 0.062  4.374(0.928-20.620)
IL-6 -0.005 0.015 -0.320 0.749 0.995 (0.966-1.025)
IL-8 0.045  0.153  0.297 0.766 1.046 (0.776-1.412)
CRP -0.013  0.007 -1.911 0.056 0.987 (0.973-1.000)
TNF-a 0.082  0.029 2.807 0.005 1.086 (1.025-1.150)
C3 -3.538 0.551 -6.425 <0.001 0.029 (0.010-0.086)
Cc4 —2.201 0.826 -2.663  0.008 0.111 (0.022—-0.559)
IegG -0.227  0.108 -2.111 0.035 0.797 (0.645-0.984)
IgM 0.037 0491  0.075 0.940 1.037 (0.396-2.715)
IgA -0.412 0.187 2200  0.028 0.662 (0.459-0.956)

SE, standard error; OR, odds ratio; CI, confidence interval.

Table 3. Multivariate logistic regression analysis of factors associated with acute respiratory failure .

Variables B SE z p-value OR (95% CI) VIF
WBC 0.653  0.175  3.728  <0.001  1.922(1.363-2.709) 1.041
Neutrophils ~ 0.497  0.172  2.880 0.004  1.643(1.172-2.304) 1.027
TNF-a 0.098  0.035 2.810 0.005 1.103 (1.030-1.181)  1.006
C3 -3.398 0.600 -5.665 <0.001 0.033(0.010-0.108) 1.050
C4 -2.649 0998 -2.654 0.008  0.071(0.010-0.500) 1.009
IgG -0.285 0.135 -2.108  0.035  0.752(0.577-0.980)  1.005
IgA -0.578 0237 2439 0.015  0.561(0.353-0.893) 1.009

VIF, variance inflation factor. Odds ratios for C3, C4, IgA, and IgG are expressed per

1 g/L increase.

model incorporating these inflammatory and immune indi-
cators provides robust discriminative performance for early
identification of CAP patients at high risk of respiratory
failure.

4. Discussion

This retrospective study systematically evaluated the
predictive value of inflammatory and immune markers
for acute respiratory failure in patients with community-
acquired pneumonia. The findings demonstrated that white

blood cell count, neutrophil count, TNF-a, complement C3
and C4, and immunoglobulin IgA and IgG levels were in-
dependent predictors of CAP progression to ARF. Further-
more, when these markers were combined, the combined
model exhibited strong discriminative performance (area
under the curve [AUC] = 0.853). These findings suggest
that excessive systemic inflammatory activation, accom-
panied by immune dysregulation, represents a core patho-
physiological mechanism underlying CAP progression, and
that an integrated assessment of inflammatory and immune
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Fig. 2. Receiver operating characteristic (ROC) curve. AUC, area under the curve.

markers may provide clinically relevant evidence for the
early identification of high-risk patients.

White blood cell and neutrophil counts represent key
inflammatory parameters associated with the progression of
community-acquired pneumonia. In the present study, sig-
nificantly elevated peripheral WBC and neutrophil levels
were observed in patients with acute respiratory failure, and
remained statistically significant after multivariate adjust-
ment, consistent with established inflammatory pathophys-
iology. As critical components of the innate immune re-
sponse, excessive activation and recruitment of neutrophils
lead to the release of reactive oxygen species, proteases, and
pro-inflammatory mediators, which directly damage alveo-
lar epithelial cells and capillary endothelium, increase vas-
cular permeability, and contribute to the development of
acute lung injury and ARF [21]. These findings further
suggest that even among unstratified hospitalized patients
with general CAP, elevated WBC and neutrophil counts
may serve as early indicators of disease progression toward
respiratory failure.

In the present study, the inflammatory cytokine TNF-
o was identified as an independent risk factor for ARF,
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with elevated levels significantly associated with increased
risk. TNF-o, as an early and central mediator in the in-
flammatory cascade, can activate endothelial cells, promote
the release of downstream inflammatory mediators (such
as IL-1PB and IL-6), and induce neutrophil adhesion and
aggregation within the pulmonary microvasculature, ulti-
mately contributing to tissue injury and organ dysfunction
[13,22]. Our findings are consistent with previous studies
by Yesildag et al. [23] and Dao et al. [24] on pneumonia,
highlighting the pivotal role of upstream inflammatory me-
diators in driving progression from CAP to severe disease.
Targeted monitoring and modulation of these key inflam-
matory pathways may therefore represent a promising di-
rection for future therapeutic interventions.

Notably, this study found that levels of complement
components C3 and C4 were significantly reduced in CAP
patients who developed acute respiratory failure, and were
independently associated with a protective effect in the mul-
tivariate model (i.e., decreased C3 and C4 levels were asso-
ciated with an increased risk of ARF). It is important to em-
phasize that the reported odds ratios correspond to a change
of 1 g/L, which represents a relatively large increment com-
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pared with the interquartile range observed in our cohort.
Accordingly, although indicating a strong inverse relation-
ship, the OR values likely reflect a more moderate protec-
tive effect across the physiological range of patients. This
observation is consistent with current understanding of the
dual role of the complement system in pulmonary infec-
tion and acute lung injury: during the early stages of in-
fection, complement exerts a protective role by promoting
pathogen clearance and enhancing phagocytosis; however,
under conditions of excessive infection or inflammatory ac-
tivation, the complement cascade is extensively activated,
generating large amounts of active fragments (such as C3a
and C5a), which may exacerbate local inflammation and tis-
sue damage, and may also lead to depletion of measurable
components such as C3 and C4 in circulation [16,25].

Reduced levels of C3 and C4 may therefore have clin-
ical relevance, reflecting previous excessive complement
system activation, and may also indicate a state of com-
plement depletion or relative immune dysfunction, thus as-
sociated with poorer outcomes. Mechanistic studies have
shown that complement activation products can directly
promote neutrophil aggregation, increase vascular perme-
ability, and induce the release of inflammatory cytokines.
At the same time, complement depletion may impair the
capacity of the host to clear pathogens, which may ex-
plain why reduced C3 and C4 levels were inversely as-
sociated with ARF risk in this study [26,27]. A previous
study by Shaldoum [28] has shown that in various pul-
monary diseases, patients often exhibit decreased C3 and
C4 levels, either independently or concurrently. In other
pneumonia-related infections, high-risk patients have also
demonstrated significantly lower C3 and C4 levels com-
pared with control groups, consistent with the findings of
this study [29]. Therefore, decreased complement lev-
els may serve as a measurable and biologically signifi-
cant marker of dysregulated immune and inflammatory re-
sponses in patients with severe infections.

Furthermore, combining complement markers with
inflammatory indicators (e.g., WBC and TNF-o) may
provide a more comprehensive representation of the im-
munopathological processes underlying the progression of
CAP to ARF. Excessive inflammatory activation, together
with relative immune insufficiency, may jointly contribute
to the outcome of CAP progressing to ARF. A study by
Rademaker et al. [30] has also reported decreased im-
munoglobulin levels in severe cases, consistent with the
present findings. Therefore, this study integrated indica-
tors representing these two processes (e.g., WBC, TNF-
a, C3, and IgG) into a multivariate model. The result-
ing composite model demonstrated strong predictive per-
formance (AUC = 0.853), suggesting that a combined as-
sessment that captures both inflammatory activation and
immune response may improve risk stratification. This ap-
proach provides a more systematic perspective for under-
standing the complex immunopathological mechanisms un-

derlying CAP progression to severe disease. Additionally,
the area under the ROC curve reached 0.853, indicating that
this combination of indicators has the potential to develop
into a clinically applicable early warning tool. Such amodel
may assist clinicians in identifying potentially high-risk in-
dividuals early in the disease course, thereby facilitating
timely escalation of monitoring and therapeutic interven-
tions.

The findings of this study should be interpreted in light
of several limitations. First, the single-center retrospec-
tive design may introduce selection bias, and the general-
izability of the findings requires validation in multi-center,
prospective studies. Second, although the overall sample
size was adequate, the number of outcome events (ARF, n=
72) was relatively modest. Larger cohorts would yield more
stable effect estimates. Third, the inclusion criterion requir-
ing completion of a full biomarker panel within 24 hours
may have introduced selection bias, as such comprehen-
sive testing is more likely to be performed in patients per-
ceived as having greater disease severity. This may bias the
study population toward moderate-to-severe CAP and limit
the applicability of the model to the broader CAP popula-
tion, particularly patients with milder disease. Fourth, all
biomarkers were measured only once at admission, preclud-
ing assessment of their dynamic changes over time. Fifth,
potential confounding variables, such as the initial antibi-
otic treatment regimens and etiological data, were not in-
corporated into the analysis, which may have influenced the
observed associations. Sixth, the predictive model based
on early laboratory biomarkers was not directly compared
with established clinical severity scores, such as CURB-65
or Pneumonia Severity Index (PSI), which are widely vali-
dated for mortality prediction. Although these scoring sys-
tems serve different primary purposes, future comparative
analyses may help clarify the complementary roles and po-
tential integration of clinical and biomarker-based assess-
ment tools. Seventh, although a rigorous multi-source veri-
fication process for CAP case identification was applied and
data quality control measures, including double-entry veri-
fication of a random sample, were implemented, some de-
gree of data extraction error cannot be excluded. However,
such errors are likely to be non-differential and would tend
to bias the results toward the null. Future studies should
adopt prospective designs that incorporate etiological data
and longitudinal monitoring of biomarkers to further op-
timize predictive models and explore the clinical value of
more specific immune biomarkers, such as complement ac-
tivation products.

5. Conclusion

This study demonstrates that elevated white blood cell
count, neutrophil count, and TNF-a levels are indepen-
dent risk factors for acute respiratory failure in patients
with community-acquired pneumonia, while decreased lev-
els of complement C3 and C4, as well as IgA and IgG,
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are independently associated with a protective effect. The
combined predictive model based on these indicators ex-
hibits strong discriminative performance, facilitating the
early identification of high-risk patients. These findings
suggest that, in the clinical management of CAP, both in-
flammatory activation and immune status should be evalu-
ated concurrently, and that risk stratification based on mul-
tiple indicators may provide more comprehensive evidence
to support early intervention and improve patient outcomes.

Key Points

* This single-center retrospective cohort study, in-
volving 334 patients with community-acquired pneumo-
nia (CAP), systematically evaluated the predictive value of
early-measured inflammatory and immune markers for the
development of acute respiratory failure (ARF) within 24
hours of admission.

» Multivariate analysis identified elevated white blood
cell count, neutrophil count, and TNF-a levels as indepen-
dent risk factors for ARF, while decreased levels of com-
plement C3 and C4, and IgA and IgG, were identified as
independent protective factors.

* A combined predictive model incorporating these
seven indicators demonstrated strong discriminatory per-
formance (AUC = 0.853), indicating its potential utility for
early risk stratification in clinical practice.

* The findings underscore the central role of concur-
rent systemic inflammatory activation and immune dysreg-
ulation in the pathogenesis of CAP progression to respira-
tory failure.

» While providing a pathophysiologically grounded
framework for early identification of high-risk patients, the
study acknowledges limitations including its retrospective
design and potential selection bias, warranting further vali-
dation in prospective, multi-center studies.
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