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Background: Inflammatory response, oxidative stress, and immunologic mechanism are involved in the pathogenesis of Mycoplasma pneumoniae pneumonia (MPP). However, the role of immune system of pediatric interstitial pneumonia due to M. pneumoniae infections remains poorly understood. The aim of this study was to analyze the immunologic features of pediatric interstitial pneumonia due to Mycoplasma pneumoniae (M. pneumoniae).

Methods: A retrospective study was conducted on a primary cohort of children with MPP. Propensity score analysis was performed to match interstitial pneumonia and pulmonary consolidation children.

Results: The clinical characteristics strongly associated with the development of interstitial pneumonia were boys, age >5 years, wheezing history, hydrothorax free, lymphocytes (>3.0 × 109/L), CD19+ (>0.9 × 109/L), CD3+ (>2.5 × 109/L), CD4+ (>1.5 × 109/L), CD8+ (>0.9 × 109/L), interleukin-6 (IL-6, <30 pg/ml), IL-10 (<6 pg/ml), and interferon-γ (IFN-γ, <15 pg/ml). After propensity score analysis, children with interstitial pneumonia showed significantly higher CD19+, CD3+, and CD4+ T cell counts, and lower serum IL-6, IL-10, and IFN-γ levels. The final regression model showed that only CD4+ T cells (>1.5 × 109/L, OR = 2.473), IFN-γ (<15 pg/ml, OR = 2.250), and hydrothorax free (OR = 14.454) were correlated with the development of interstitial pneumonia among children with MPP.

Conclusions: The M. pneumoniae-induced interstitial pneumonia showed increased CD4+ T cells and lower serum IFN-γ level. Specific immunologic profiles could be involved in the development of pediatric interstitial pneumonia due to M. pneumoniae infections.
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INTRODUCTION

Community-acquired pneumonia (CAP) is a significant cause of morbidity and mortality worldwide and a major public health threat to children in China (1). Mycoplasma pneumoniae (M. pneumoniae) is one of the main pathogens causing CAP in young adults and children (2). Mycoplasma pneumoniae pneumonia (MPP) accounts for up to 40% or more of CAP in children, increasing the rate of morbidity, mortality, as well as the cost of health care in China (3–6). Although MPP is usually a benign and self-limited disease, a number of cases were reported to develop into refractory MPP (3, 7–10). Children with refractory MPP frequently presented with delayed radiographic resolution and long-standing pulmonary sequelae such as bronchiectasis and atelectasis, even causing plastic bronchitis or requiring intensive care (3, 7, 11, 12). In addition to causing diseases in the respiratory system, M. pneumoniae has been implicated in several extrapulmonary complications including arthritis, liver injury, encephalitis, hemolytic anemia, and glomerulonephritis (10, 13). Furthermore, the development of extrapulmonary complications could be strongly associated with immune response induced by M. pneumoniae (14).

Advances in imaging diagnostic techniques have provided an opportunity to better study pulmonary diseases. MPP patients may present with interstitial pneumonia (IP), bronchopneumonia, and pulmonary consolidation (PC) or airspace consolidation based on the high-resolution computed tomography (HRCT) images (15). In addition to bronchopneumonia, children with MPP can also manifest IP and PC, especially in children older than 5 years (16, 17). Furthermore, children of the same age could present with either IP or PC. However, there is limited information in the literature about the development of IP in M. pneumoniae infections.

There is evidence that inflammatory response, oxidative stress reaction, cytokine imbalance, and immunologic reaction are involved in the pathogenesis of M. pneumoniae infections (13, 18–20). A specific cytokine pattern of moderately elevated interleukin-6 (IL-6), IL-10, and interferon-γ (IFN-γ) indicated a higher prediction of MPP among CAP patients (20). Furthermore, increased IFN-γ levels were strongly associated with the development of complications including pleural effusion and atelectasis in children with MPP. Given the role of cytokines in children with MPP, we hypothesized that immune dysfunction may contribute to the development of IP. The aim of the present study was to evaluate immunologic features of pediatric IP due to M. pneumoniae infections.



METHODS


Patients and Data Collections

A retrospective study was conducted on a primary cohort of patients with refractory pneumonia underwent high-resolution computed tomography (HRCT) between January 2015 and December 2017 in the Children's Hospital, Zhejiang University School of Medicine. This retrospective study was approved by the Ethic Review Board of Children's Hospital, Zhejiang University School of Medicine (2019-IRB-104). Two pediatric radiologists examined the chest HRCT taken during hospitalization, and a consensus of interpretation was reached. The observers evaluated the patterns and distribution of lung parenchymal mediastinal, and pleural abnormalities. The patterns of pneumonia were also divided into three main categories on the basis of HRCT according to the previous studies: (15, 17, 21, 22). (1) Areas of increased pulmonary opacity with obscuration of underlying bronchovascular structures are defined as PC with or without air bronchograms; (2) a consolidation following bronchovascular branching or increased nodular densities along the bronchial trees were considered as a typical bronchopneumonic change (bronchopneumonia); (3) focal or diffused bronchovascular thickening without airspace opacity was considered interstitial pneumonia (IP), including bronchial wall thickness, ground glass opacity, tree-in-bud, reticular & linear opacity, nodular opacity, pleural thickness, interlobular septal thickness, and bronchiectasis. When at least two different patterns of pneumonia were observed in different lobes of the lungs, the pneumonia was classified as mixed pneumonia. In the present study, we collected the data on children with pneumonia who underwent HRCT, and those who did not perform HRCT were not included.

Diagnosis of MPP was based on diagnosis of CAP and etiology using our previous studies (20, 23). Briefly, CAP was diagnosed by clinical symptoms, signs, laboratory test, and chest radiographs. Current infection with M. pneumoniae was based on ≥4-fold changes in antibody titers between paired acute and convalescent sera, or positive IgM antibody (ELISA, Shanghai B&C Biological Technology, Co. Ltd., China), and positive M. pneumoniae DNA in nasopharyngeal aspirates or bronchoalveolar lavages based on the Taq-Man PCR technology (PCR fluorescence probing, Da An Gene Co., Ltd. of Sun Yat-sen University, China). Children with MPP who had co-infections, such as bacterial infections, Epstein-Barr virus, or respiratory syncytial virus infections were excluded. Those patients with tuberculosis or HIV positive were also excluded from the study, and those with chronic lung diseases, congenital heart disease, cerebral palsy, or tumor were also excluded. Demographic and clinical data were collected, including age, sex, duration of fever, imaging examination, and ultrasonography. All laboratory tests for collection were performed on admission.



Cytokines and Lymphocyte Subtypes

For patients with pneumonia, cytokine detection, and lymphocyte subtyping were routinely performed. Venous blood samples were collected within 24 h of admission. The serum was isolated, and measurements of cytokines were performed by the FACScaliburTM flow cytometry (Becton Dickinson, San Jose, CA, USA) immediately. Levels of interleukin-2 (IL-2), IL-4, IL-6, IL-10, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) were quantitatively determined with the cytometric bead array (CBA) kit (CBA Human Th1/Th2 Cytokine Kit; BD Biosciences, San Jose, CA, USA) as described previously (20, 24). The BD CBA Software (BD Biosciences, San Jose, CA) was used to display the results in tabular and graphical format, and the standard curve was established for each individual set of reagents. The minimal and maximum limits of detections for these cytokines were 1.0 and 5,000 pg/mL, respectively. Lymphocyte subtype percentages were performed using BD Multitest 6-color TBNK Reagent via the Cantoll (Becton Dickinson, San Jose, CA, USA), and analyzed using DIVA software (Becton Dickinson, San Jose, CA). Lymphocyte subtype counts were calculated by multiplying the absolute value of lymphocytes and subtype percentages.



Statistical Analysis

Continuous variables were expressed as mean and standard deviation (SD), and compared using an unpaired, 2-tailed t test or Mann-Whitney test. Categorical variables were compared using a Chi-Square test or Fisher exact test. The logistic regression analysis was used to assess potential risk factors of the development of IP due to M. pneumoniae infections. The area under the receiver operating characteristic (ROC) curve is developed to evaluate the predictive power of logistic regression model. The optimal cutoff values were determined by maximizing the Youden index (sensitivity + specificity−1). To exclude the impacts of age and gender, a propensity score analysis (PSA) was used to account for the baseline differences in the probability between children with IP and PC. IP and PC children with the same propensity score will have similar distributions of observed baseline covariates. R statistical software packages (R version 3.4.3) were used to perform all the statistical analysis and graphics, and P < 0.05 was considered statistically significant.




RESULTS


Clinical Characteristics of MPP Children With IP

Nine hundred and seventy-seven patients were identified as HRCT-confirmed MPP. Patients with co-infection, other diseases, bronchopneumonia, or mixed pneumonia (n = 385), and those with missing values (24 IP and 79 PC) were excluded. Finally, 103 children with IP and 386 children with PC were included in the present study. The clinical characteristics of the two groups were listed in Table 1. The boy to girl ratio in children with IP was 62.1%, significantly higher than that (46.9%, P = 0.006) in children with PC. Children with IP had increased frequent wheezing (29.1 vs. 11.7%), higher lymphocyte counts (3.95 × 109/L vs. 2.59 × 109/L), and younger age (4.89 vs. 5.97 years) compared with children with PC. The average durations from symptom onset to hospital admission were 9.82 and 8.89 days in IP and PC children, respectively (Table 1). However, no significant statistical difference was observed between the two groups.


Table 1. Clinical characteristics and laboratory findings between IP and PC.

[image: Table 1]



Cellular Immunologic Features and Serum Immunoglobulin Levels

Although there were no significant differences in humoral immunity including serum IgG (9.47 vs. 9.59, P = 0.923), IgA (1.08 vs. 1.19, P = 0.117), and IgE (210.06 vs. 227.25, P = 0.579) levels between IP and PC groups, serum IgE levels in MPP were more than twice the upper limit of normal reference ranges (Table 1). Moreover, about half of IP children (52%) had a high IgE level with >100 IU/mL, similar to PC children (48%, P = 0.41). Patients with IP demonstrated higher lymphocytes (3.95 × 109/L vs. 2.59 × 109/L, P < 0.001), including higher CD19+ T cells (0.92 × 109/L vs. 0.51 × 109/L, P < 0.001), CD3+ T cells (2.58 × 109/L vs. 1.69 × 109/L, P < 0.001), CD4+ T cells (1.43 × 109/L vs. 0.90 × 109/L, P < 0.001), and CD8+ T cells (0.91 × 109/L vs. 0.56 × 109/L, P < 0.001) compared with those with PC (Table 1). Similar to our previous study (20), the present study also showed increased serum IL-6, IL-10, and IFN-γ levels in patients with IP or PC. However, children with IP had lower serum levels of IL-6 (28.29 vs. 63.97 pg/ml, P < 0.001), IL-10 (5.88 vs. 8.59 pg/ml, P < 0.001), IFN-γ (14.55 vs. 43.29 pg/ml, P < 0.001) relative to children with PC.



Risk Factors of the Development of IP

The univariate logistic regression models for prediction of IP showed there were significant differences in most of potential risk factors (Table 2). The clinical characteristics most strongly associated with the development of IP were boys, age >5 years, wheezing history, hydrothorax free, lymphocyte counts (>3.0 × 109/L), CD19+ (>0.9 × 109/L), CD3+ (>2.5 × 109/L), CD4+ (>1.5 × 109/L), CD8+ (>0.9 × 109/L), IL-6 (<30 pg/ml), IL-10 (<6 pg/ml), and IFN-γ (<15 pg/ml) compared with children with PC. Multivariate logistic regression model indicated that only wheezing history, boys, hydrothorax free, and IFN-γ <15 pg/ml were independent predictors. The area under the curve (AUC) for this model was 0.814 (Figure 1, solid line, 95% CI 0.771–0.857, P < 0.001).


Table 2. Risk factors associated with the development of IP on logistic regression analysis.
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FIGURE 1. Predictive ability of multivariate logistic regression models for IP. Area under the curves (AUC) for solid line is 0.814 (95% CI 0.771–0.857, P < 0.001). AUC for dashed line is 0.788 (95% CI 0.743–0.832, P < 0.001).




Comparisons Between IP and PC Children After PSA

In view of the significant differences in patient's age and gender ratio, we performed propensity score analysis (PSA) to match IP children with PC children (1:1 matching). Compared with age-matched children with PC, children with IP had more frequent history of wheezing (29.1 vs. 16.5%), and higher lymphocyte counts (3.95 × 109/L vs. 2.99 × 109/L). Furthermore, patients with IP showed significantly higher CD19+ T cell counts (0.92 × 109/L vs. 0.61 × 109/L), CD3+ T cell (2.58 × 109/L vs. 1.87 × 109/L), and CD4+ T cell counts (1.43 × 109/L vs. 1.00 × 109/L), and lower serum IL-6 (28.29 vs. 44.72 pg/ml), IL-10 (5.88 vs. 8.05 pg/ml), and IFN-γ (14.55 vs. 32.97 pg/ml) levels relative to PC children (Table 3 and Figures 2, 3).


Table 3. Differences in clinical characteristics between IP and PC after propensity score analysis (PSA).
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FIGURE 2. Increased CD19+, CD3+, CD4+, CD8+ T cell counts in IP children due to Mycoplasma pneumoniae infections. (A–D) Were for comparison between IP and PC children after PSA. IP, interstitial pneumonia; PC, pulmonary consolidation; PSA, propensity score analysis.
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FIGURE 3. Serum cytokine levels from IP and PC children. (A–F) Were for comparison between IP and PC children after PSA. IFN, interferon; IP, interstitial pneumonia; PC, pulmonary consolidation; PSA, propensity score analysis; TNF, tumor necrosis factor.


For IP children with ≤5 years, they showed significantly higher counts of lymphocytes, CD19+ T cells, CD3+ T cells, and CD4+ T cells, and much lower serum IFN-γ levels (Figures 4, 5). However, for IP children with >5 years, they demonstrated higher counts of lymphocytes, CD3+ T cells, CD4+ T cells, and CD8+ T cells, and lower serum IL-6, IL-10, and IFN-γ compared with age-matched PC children (Figures 4, 5). In addition, IP children were much less likely to have hydrothorax regardless of age.
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FIGURE 4. Lymphocyte classification counts between IP and PC children ≤5 years (A–D) and >5 years (E–H) after PSA. IP, interstitial pneumonia; PC, pulmonary consolidation; PSA, propensity score analysis.
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FIGURE 5. Serum cytokine levels between IP and PC children ≤5 years (A–F) and >5 years (G–L) after PSA. IFN, interferon; IP, interstitial pneumonia; PC, pulmonary consolidation; PSA, propensity score analysis; TNF, tumor necrosis factor.




Role of Immunologic Response in IP

The abovementioned PSA result revealed that increased blood lymphocyte counts, CD3+ T cells, CD4+ T cell counts, lower serum IFN-γ level, and hydrothorax free were strongly associated with the development of IP. In the final multivariate logistic regression model, only CD4+ T cells (>1.5 × 109/L, OR = 2.473, 95% CI: 1.011–6.046, P = 0.047), IFN-γ (<15 pg/ml, OR = 2.250, 95% CI: 1.326–3.817, P = 0.003), and hydrothorax free (OR = 14.454, 95% CI: 5.158–40.503, P < 0.001) were independent predictors. ROC curve graph revealed that this model could be used to predict the development of IP. The AUC was 0.788 (Figure 1, dashed line, 95% CI 0.743–0.832, P < 0.001).




DISCUSSION

Mycoplasma pneumoniae is one of the smallest self-replicating organisms capable of cell-free existence, causing respiratory diseases, and extrapulmonary complications. For children with the same age, MPP may present with either IP or PC. Our study indicated that there exists significant difference in lymphocyte counts and cytokine level between IP and PC children due to M. pneumoniae. The increased CD4+ T cells and decreased serum IFN-γ level contributed to the development of IP in children with M. pneumoniae infections.

In the present study, a univariate logistic regression showed that age, gender, wheezed history, hydrothorax, lymphocyte differential counts, and cytokine levels were significantly associated with the development of pediatric IP by M. pneumoniae infections. The multivariate regression model demonstrated that wheezing history, boy, hydrothorax free, and IFN-γ <15 ng/ml were significantly correlated with IP. In view of the impacts of age and gender, IP children were matched with PC children using propensity score analysis. Relative to PC children, IP children showed significantly higher CD19+ T cell counts, CD3+ T cell, and CD4+ T cell counts, and lower serum IL-6, IL-10, and IFN-γ levels. Further age stratification indicated that only CD3+ and CD4+ T cell counts had significant statistical significance between IP and PC children. In the final multivariate logistic regression model, only increased CD4+ T cells (>1.5 × 109/L), decreased IFN-γ (<15 pg/ml), and hydrothorax free were independent predictors for the development of IP.

Increasing evidence shows that different interstitial lung disease had various ratios of lymphocyte subtypes regardless of from serum or bronchoalveolar lavage (BAL) samples (25, 26). A prevalence of CD4+ T cells in BAL is suggestive of sarcoidosis, whilst prevalence of CD8+ cells is suggestive of hypersensitivity pneumonitis (25). The different inflammatory cell profiles are a continuum, which depend on the extension and intensity of the inflammatory cell infiltration in the alveolar level (27). CD4+ T cells are critical for the development of interstitial pneumonitis followed by rheumatoid arthritis (28). An increased specific CD4+ T cell subtype (CD4+CXCR4+ T cell) was significantly associated with the severity and mortality of idiopathic inflammatory myopathy-associated interstitial lung disease (29). Mycoplasma pneumoniae immunized or P1 protein immunized mice had significantly increased CD4+ T cells and CD4+/CD8+ ratio in spleen cells (30). The subtype of CD4+ T cells (Th17 cells) was also significantly higher in M. pneumoniae-infected patients with extra-pulmonary manifestations (31). Furthermore, patients who experienced a short course of MPP showed a significant increase in the percentage of Th17 cells compared with those with a long course of MPP (31). Additionally, community-acquired respiratory distress syndrome toxin from M. pneumoniae was capable of inducing allergic-type inflammation in naïve animals, which is dependent on CD4+ T cells (32). These studies demonstrated that CD4+ T cells could play a major role in the development of IP among patients with MPP.

Our study also showed that M. pneumoniae-induced IP had significantly increased serum CD4+ T cells compared with those PC patients, which appeared to be like adenovirus pneumonia manifestations. For patients with adenovirus pneumonia, those without pleural effusion had significantly higher CD4+ T cell counts relative to those with pleural effusion (33). Additionally in chicken trachea with Mycoplasma gallisepticum infections, CD8+ T cells were clustered in follicular-like arrangements, while the distribution of CD4+ T cells was dispersed (34). Moreover, different from the fact that either Streptococcus pneumoniae or Klebsiella pneumoniae sonicated antigens markedly decreased viable lymphocyte counts, M. pneumoniae antigens promoted the proliferation of lymphocytes (35), further indicating that the predominance of mycoplasma-induced CD4+ T cell could possess species-specific nature. Altogether, it is likely that increased specific CD4+ T cells in M. pneumoniae infections were strongly associated with the development of IP.

Notably, there were obvious differences in serum cytokine levels between IP and PC children due to M. pneumoniae infections. Our previous study had found that moderately elevated IL-6, IL-10, and IFN-γ could predict M. pneumoniae infections among CAP patients (20). Moreover, increased serum IFN-γ levels were strongly associated with CAP severity (23). The present study demonstrated that the IP children had a lower level of serum IFN-γ than PC patients, suggesting a moderate inflammatory response among IP patients. On the other hand, the presence of hydrothorax often indicates a severe disease or a strong inflammatory response. Although hydrothorax could be associated with an increased IFN-γ level, IP children were much less likely to have hydrothorax (3.9%) compared with PC children (43.3%). This result also suggested that hydrothorax in IP patients had little effect on cytokine production. In general, IP children showed a lower inflammatory response than PC patients. Due to the limited availability of the commercial cytometric bead array kit, our hospital only detected IL-2, 4, 6, 10, TNF-α, and IFN-γ, combined detection of cytokines (e.g., IL-17) could have a greater power to predict the presence of IP.

There is evidence that serum IgE levels significantly increased in the atopic patients with MPP than in the nonatopic patients. Furthermore, MPP children with atopy were more likely to present with tachypnea, oxygen supplement, and steroid use (36). Additionally, the MPP patients with extra-pulmonary diseases demonstrated a significantly increased serum IgE (37). Our study also demonstrated an increased IgE level in refractory MPP, indicating that the presence of atopy may be associated with severe MP pneumonia. Although serum IgE levels from PC patients were slightly higher than those from IP patients, there was no significant difference between the two groups. In contrast, the proportion of hyper-IgE cases in IP patients were slightly more than that in PC children. However, no significant difference was observed between IP and PC children. This inconsistency between hyper-IgE values and cases in IP and PC patients complicated the pathogenesis of MPP. Whether this weak difference could be related to the development of IP still needs to be further investigated. Another common extra-pulmonary complication was hydrothorax in the present study, especially in PC children. Compared with the PC children, IP children were much less likely to have hydrothorax, suggesting that hydrothorax in IP patients had little effect on cytokine changes or lymphocyte counts.

Our study had several limitations. First, all the laboratory tests were performed within 24 h of admission without dynamic monitoring. Second, the imaging features of bronchopneumonia might be characterized by interstitial pneumonia and pitchy shadowing. To better study interstitial pneumonia, we excluded children with bronchopneumonia, which could lead to a selective bias. Finally, the present study was only based on our single institutional clinical data, and other specific markers (such as T17 cell counts, IL-18 level) might contribute to better understanding the pathogenesis of IP caused by M. pneumoniae.



CONCLUSION

The present study showed that increased CD4+ T cells and lower serum IFN-γ level were associated with the development of pediatric IP by M. pneumoniae infections. Specific immunologic profiles (increased CD4+ T cells and lower serum IFN-γ level) could be strongly correlated with the presence of IP among children with MPP. A prospective and multicenter study on immunological response would contribute to better understanding the pathogenesis of pediatric IP caused by M. pneumoniae infections.
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