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Abstract
Background: Chronic Lung Allograft Dysfunction (CLAD) is the major limitation to long-term 
survival following lung transplantation and the pathogenesis is thought to involve dysregulated 
immune responses to various lung injuries. Type 1, Type 2, and Type 17 immune responses have 
all been implicated.

Objective: Determine the relationship between immune response markers measured in 
Bronchoalveolar Lavage (BAL) fluid and the development of CLAD.

Methods: We measured BAL concentrations by bead-based multiplex or ELISA for Type 1 (IL-
12p70, IFN-γ, CXCL9, CXCL10, CXCL11, CCL5), Type 2 (IL-4, IL-13, CCL2, CCL11), and Type 
17 (IL-17, IL-6, TGF-β and CCL20) markers. For each marker, the estimated concentration at 6 
months and composite variables for Type 1, Type 2, and Type 17 markers were generated using 
Principal Component (PC) analysis. We used cumulative incidence competing risk regression to 
determine associations with CLAD and death unrelated to CLAD.

Results: 57 lung transplant recipients had BAL samples before and after 6 months post-transplant; 
19 never developed CLAD and 38 developed CLAD. Type 1 (1st PC) and Type 2 (1st PC) immune 
response markers were associated with CLAD development. In addition, Type 1 (2nd PC) and Type 
17 (2nd PC) immune response markers were associated with death unrelated to CLAD.

Conclusion: We demonstrate that alterations in Type 1, Type 2, and Type 17 immune responses 
precede CLAD and mortality in lung transplant recipients. Larger longitudinal studies to assess 
prognostic utility are warranted.
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Introduction
Lung transplant is a therapeutic option for end-stage pulmonary disorders, but long-term 

survival is dependent upon remaining free from Chronic Lung Allograft Dysfunction (CLAD), 
which affects greater than 50% of recipients within 5 years. CLAD is characterized by the inexorable 
loss of lung function, and the typical survival following a CLAD diagnosis is less than 3 years [1]. 
Unfortunately, by the time a CLAD clinical diagnosis is made, treatment is usually ineffective [2].

Both animal models and human studies demonstrate that a Type 1 immune response plays a key 
role in acute and chronic rejection [3-9]. Prototypical Type 1 cytokines include Interleukin (IL)-12 
and Interferon-γ (IFN- γ) [10]. The leukocyte influx associated with a Type 1 immune response is 
mediated in part by interferon inducible ELR- CXC chemokines CXCL9, CXCL10, and CXCL11 
[11-15], as well as by the CC chemokine CCL5 [16]. Analogous to Type 1, a Type 17 response 
plays a role in inflammatory diseases, especially autoimmune diseases, and has been associated 
with allograft rejection [17-21]. Key markers of a Th17 response include IL-17, IL-6, Transforming 
Growth Factor- β (TGF-β), and CCL20.

Excessive inflammation can lead to uncontrolled tissue damage, so there needs to be mechanisms 
to counteract this. The classic paradigm balances Type 1/17 immune responses with Type 2 
responses. While a Type 2 immune profile has favored the acquisition of tolerance in some animal 
models, there is also evidence implicating a role for Type 2 responses in fibroproliferative disease 
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and chronic rejection [22-24]. The Type 2 cytokines include IL-4 and 
IL-13, which promote mucosal, allergic and humoral immunity [10]. 
Related chemokines include CCL2, which influences Th2 polarization 
[25], and CCL11, which is induced by Type 2 cytokines and directly 
contributes to airway remodeling [26].

We have demonstrated that the risk of CLAD increases with most 
acute lung allograft injuries after 6 months post lung transplantation 
[27]. Based on this, we hypothesized that immune responses in the 
lung allograft surrounding the 6 months post-transplant period, 
as measured by cytokine and chemokine concentrations in BAL 
fluid, will be associated with the development of CLAD, as well as 
mortality. We serially measured Type 1, Type 17, and Type 2 immune 
response proteins in BALF in the first post-transplant year from lung 
transplant recipients at the University of California Los Angeles 
(UCLA). In order to assess the immune response around 6 months 
post-transplant, we used 2 serial samples to estimate the immune 
response at 6 months and we determined the relationship of these 
immune pathways to the development of CLAD.

Ethics Statement
The UCLA Biologic changes in Lung Transplant Patients Study 

were approved by the UCLA Institutional Review Board (IRB# 10-
001492) and all subjects were provided written informed consent to 
participate in the study.

Materials and Methods
Patient selection

A subset of lung transplant recipients at the University of 
California, Los Angeles (UCLA) was enrolled in an observational 
registry study that included the collection of left-over BAL fluid for 
research purposes at the time of standard of care bronchoscopies. This 
study included standardized medical record abstraction including 
demographic, transplantation, and outcome related variables. CLAD 
was defined as a sustained drop in Forced Expiratory Volume in 1 
second (FEV1) by at least 20% from the average of the 2 best post-
transplant measurements [28].

For this study, eligible patients were transplanted between 
3/2/2001 and 9/30/2007 and had sufficient spirometry testing (at 
least 6 tests) to determine CLAD. From this cohort, eligible BAL 
samples were those collected prior to 3/23/2008 and prior to a 
diagnosis of CLAD. Follow-up data were collected through January 
2017. A total of 768 BAL samples from 187 patients were included 
in our biorepository. However, 10 patients were excluded because of 
insufficient data to make a CLAD determination, leaving 177 possible 
patients and 752 total BAL samples. After further exclusion of samples 
before 80 days or after 400 days, we were left with 307 samples from 
156 patients. Of these 307 samples, 210 samples from 140 patients 
were collected before 6 months (80 to 199 days), and 97 samples from 
75 patients were collected after 6 months (200 to 400 days). The final 
study cohort included 57 patients with a sample from both before and 
after 6 months (Figure 1). In this cohort 19 never developed CLAD 
and 38 developed CLAD.

Immunosuppression, anti-microbial prophylaxis and treatment of 
acute rejection were administered in accordance with UCLA protocol 
as previously described [14,29]. Three 60 ml aliquots of isotonic saline 
were instilled into the sub-segmental bronchus in the lingula, right 
middle lobe or area of interest and pooled. After centrifugation, the 
supernatant was collected and stored unconcentrated at -80ºC.

BAL biomarker assays
For most cytokine and chemokine markers, the BAL 

concentrations were determined by bead based multiplex assays. 
Specifically, the concentrations of the Type 1 markers (IL-12p70, 
IFN-γ, CXCL9, CXCL10, CXCL11, CCL5), the Type 2 markers (IL-
4, IL-13, CCL2, CCL11), and the Type 17 markers (IL-17 and IL-6) 
were all assayed via Luminex according to manufacturer instructions 
(Millipore, Billerica MA). In addition, the BAL concentrations 
of the Type 17 markers (TGF-β1 and CCL20) were measured by 
ELISA Duo Set kits according to manufacturer instructions (R & D 
Systems, Minneapolis, MN). Limits of detection for each marker were 
determined by the average of 4 blank measurements plus 3 standard 
deviations [30].

Statistical methods
Subject characteristics are described as proportions or medians 

plus range. Comparisons between the final analysis cohort and 
patients not included used either Fisher’s exact or Mann-Whitney 
U tests. Biomarker concentrations are described using medians and 
interquartile ranges, as well as the percentage of samples above the 
limit of detection. When less than 50% of samples were detectable 
for a given marker, that marker was modeled as a binary (detectable 
or undetectable) variable. The remaining marker concentrations were 
log-transformed and modeled as continuous variables. Data trends 
for each continuous marker were further explored with loess curves 
generated from scatter plots over time using the SAS LOESS procedure 
(smooth =0.25). Loess curves were generated from predicted values 
using a nonparametric method for estimating regression surfaces. We 
selected the final list of protein markers for inclusion in inferential 
models after inspection of the descriptive data.

To further simplify longitudinal data, we estimated the log-
concentration of each marker surrounding 6 months post-transplant 
using simple linear regression between the sample immediately before 
day 200 and the sample immediately after day 200 for each subject. 
In order to reduce the number of variables for survival models, we 
generated composite variables for each immune pathway by principal 
component analyses of the estimated 6-month log-concentrations. 
Separate cumulative incidence competing risk regression models 
for CLAD and death unrelated to CLAD were generated for each 
pathway (e.g., model for Type 1 pathway included 1st and 2nd 
principal components as covariates) [31]. We also constructed 
Cox Proportional Hazard (PH) models for mortality. As sensitivity 
analyses, Cox models also examined time to CLAD (mortality 
censored) and time to CLAD or mortality (composite endpoint of 
CLAD or mortality). For each Cox model we calculated the C-index 
as a measure of model discrimination, which can be interpreted as 
the probability that a subject from the event group (e.g., CLAD) has 
a higher predicted probability of having an event than a subject from 
the non-event group. Statistical analyses were conducted using SAS 
(version 9.4 for Windows, SAS Institute Inc. Cary NC, USA). P values 
less than 0.05 were considered statistically significant.

Results
Patient and sample characteristics

Our biorepository included 307 samples collected between 80- and 
400-days post lung transplant from 156 patients. The characteristics of 
the 156 patients are shown in Table 1, grouped by whether or not the 
subject was included in the final analyses. The concentrations of each 
potential biomarker are described in Table 2. IL-4 was not detectable 
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in 98% of the samples and was not examined any further. Of the 13 
remaining analytes, 7 (CXCL9, CXCL10, CCL5, IL-13, CCL2, IL-6, 
and CCL20) were considered routinely detectable and analyzed as 
continuous variables. The remaining 6 analytes assayed (IL12p70, 
IFN-γ, CXCL11, CCL11, TGF-β, and IL-17) were dichotomized as 
detectable and undetectable. For each potential marker, we plotted 
log concentrations over time as scatter plots and LOESS curves for 
continuous markers or bar charts for dichotomized markers (Figures 
S1-S14).

The final survival analysis cohort included 57 patients with 
samples and marker data from both before and after 6 months. The 
analytic cohort was more likely to receive Anti-Thymocyte Globulin 
(ATG) and less likely to receive basiliximab than patients not included 
in the final analyses, but otherwise the 2 groups were not significantly 
different. The clinical characteristics of the included and excluded 
patients are shown in Table 1. In the final study cohort, 38 developed 
CLAD and 19 remained CLAD free at the end of follow up (Figure 1). 

In order to reduce the number of variables for survival models, 
we performed principal component analyses for each predefined 
pathway; Type 1, Type 2, and Type 17 immune responses. The first 
PC for Type 1, 2, and 17 were highly correlated (Table S1).

Immune response markers and risk of clad and mortality
In cumulative incidence competing risk models, CLAD and death 

unrelated to CLAD were treated as competing risks. Type 1 (1st PC) 
and Type 2 (1st PC) immune response markers in BAL fluid were 

significantly associated with CLAD, while Type 1 (2nd PC) and Type 
17 (2nd PC) markers were associated with death unrelated to CLAD 
(Table 3).

As sensitivity analyses, we also constructed Cox PH models for 
time to death, time to CLAD, and time to the combined endpoint 
of CLAD or death. Type 1 (1st and 2nd PC), Type 2 (1st and 2nd PC), 
and Type 17 (1st PC) markers were each associated with time to death 
(Table 4). Cox PH models for CLAD and the combined endpoint of 
CLAD or mortality generated similar results (Tables S2 and S3). Given 
the high correlation between Type 1, 2, and 17 immune response, 
multivariable analyses including all three immune responses were 
not conducted.

Discussion
In this study, we tested our hypothesis that Type 1, 2, and 17 

immune responses in the BAL fluid would be associated with long-
term outcomes after lung transplant. We measured 14 total markers 
in the BAL fluid and ultimately included 11 in the final models after 
inspection of descriptive statistics for each. In order to quantify each 
immune response, we performed principal component analyses and 
used the first and second PC scores in survival models. Our main 
findings implicate both Type 1 and 2 immune responses in the 
development of CLAD, while the Type 1 and 17 immune response 
may be associated with mortality independent of CLAD.

Classically, wound repair following any injury is thought to be 
the result of a delicate balance between pro- and anti- inflammatory 

Figure 1: Study Cohort derivation. After selecting patients with BAL samples available both before and after 6 months (200 days), 57 subjects were included: 38 
that developed CLAD and 19 that never developed CLAD.
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cytokines. In this paradigm, Type 1 and 2 cytokine expression 
profiles have distinct counterbalancing functions [24,32-36]. 
However, our findings are in line with other data suggesting that the 
counterbalancing immune responses may not hold true for allograft 
rejection [24,37-47]. We find relatively high correlation between 
the first PC of each of the 3 immune responses examined, arguing 
against a case for immune polarization. We also find that both Type 

1 and Type 2 immune responses are associated with the development 
of CLAD. These findings suggest Type 1 and Type 2 responses may 
work in parallel. The prototypical Type 1 cytokine, IFN-γ, in BAL 
fluid is associated with acute and refractory lung allograft rejection, 
both risk factors for CLAD [4,7]. A significant correlation has 
been detected between the presence of a “high” expressing human 
IFN-γ polymorphism and CLAD [5]. The Type 2 response may be 

 Not Included (N=99) Included (N=57) P value

Age at Transplant, Median (Range) 60 (23-79) 59 (31-75) 0.63

Sex, N (%)   0.06

Male 63 (64%) 27 (47%)  

Female 36 (36%) 30 (53%)  

Race, N (%)*   1.00

White 74 (75%) 43 (75%)  

Black 7 (7%) 4 (7%)  

Other 18 (18%) 10 (18%)  

Ethnicity   0.79

Hispanic 10 (10%) 7 (12%)  

Not Hispanic 89 (90%) 50 (88%)  

Pre-transplant disease†, N (%)   0.31

Group A (obstructive lung disease) 39 (39%) 19 (33%)  

Group B (pulmonary vascular disease) 6 (6%) 2 (4%)  

Group C (cystic fibrosis) 1 (1%) 0  

Group D (restrictive lung disease) 53 (54%) 36 (63%)  

Transplant Type   1.00

Single 37 (37%) 21 (37%)  

Bilateral 62 (63%) 36 (63%)  

Induction Type   0.004

ATG 49 (49%) 42 (74%)  

Basiliximab 50 (51%) 15 (26%)  

Table 1: Clinical characteristics of the study cohort.

*P-value from Fisher’s exact test for comparison of White vs. non-White Race
†P-value from Fisher’s exact test for comparison of Group D vs. others (A, B, and C combined)

Marker LOD MIN Q1 MEDIAN Q3 MAX % Detectable

IL12p70 2.7 0.28 0.44 1.27 2.76 32.57 25.8

IFN-γ 1.88 0 0.19 0.19 0.75 52.23 11.6

CXCL9/MIG 3.45 5.82 105.46 330.58 2729.56 9764.1 100

CXCL10/IP-10 5.03 0.78 58.93 117 327 10666.07 98

CXCL11/ITAC 123.62 34.76 65.73 82.84 106.75 2317.94 17.1

CCL5/RANTES 6.66 0.53 2.95 17.9 63.61 1758 64.9

IL-4 16.82 0.64 0.64 0.64 0.64 181.16 1.7

Il-13 1.4 0.24 2.72 4.69 8.04 49.01 90.4

CCL2/MCP-1 7.52 0.49 54.37 109 229 7909.61 98.7

CCL11/Eotaxin 5.91 1.26 1.26 2.19 9.46 88.65 33.1

IL-17 1.86 0.23 0.23 0.23 0.23 13.64 5.6

IL-6 1.56 0.46 2.79 7.47 19.99 15334 88.7

TGF-b 52.44 5.52 31.95 51.59 84.35 607.07 48.6

CCL20/MIP3a 11.18 0.24 28.2 62.74 144.66 3207.59 92.9

Table 2: Marker concentrations (pg/ml) in bronchoalveolar lavage samples including detection limits, proportion detectable, median concentrations, and interquartile 
ranges for each potential marker.
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driving fibroproliferation as opposed to counterbalancing a Type 1 
response. For example, IL-13 can induce fibroblast proliferation and 
procollagen expression [48,49]. Other work has shown that driving an 
allogeneic response toward a Type 2 cytokine cascade can accelerate 
rejection [24,37-47]. We cannot rule out that our data represents 
an inadequate attempt to counterbalance the Type 1 response, but 
this seems unlikely given the prior studies indicating a role for Type 
2 response in promoting fibroproliferation and rejection. Taken 
together, our findings support the importance of both Type 1 and 
Type 2 immune responses in the pathogenesis of CLAD [11,13,14,23]. 
Thus, prevention of CLAD may depend on the down regulation of 
both Type 1 and 2 immune responses [50]. To our knowledge this 
is a novel observation with important pharmacological implications.

Type 17 immune responses have commonly been associated with 
autoimmunity and CLAD in prior studies [17,18,20]. In this study, 
we did not find an association between the Type 17 immune response 
and the development of CLAD. The lack of significance may be a 
consequence of too small a sample size. We did find an association 
with non-CLAD mortality (from competing risk models) overall 
mortality, and the composite of CLAD and mortality (from Cox 
model). We also found a Type 1 immune response was associated 
with death independent of CLAD. The mechanism by which Type 1 
and Type 17 immune responses might be associated with non-CLAD 
death is not clear from this study, but high levels of Type 1 and Type 
17 markers may indicate inadequate control mechanisms and set the 
stage for excessive inflammation in response to any form of insult. 
Eleven deaths occurred in patients who were never diagnosed with 
CLAD, but there was no consistent mechanism of death in these 
patients. One patient experienced a rapid respiratory decline and 
acute lung injury from unknown etiology. In the remaining cases, the 
cause of death was infection (n=4), malignancy (n=2), cerebrovascular 
accident (n=1), or unknown (n=3).

The limitations of our study include the relatively small final 
cohort due to our requirement for samples collected before and after 
6 months post-transplant. By requiring samples before and after 6 

months, our intention was to model a single measurement at 6 months. 
Our prior experience suggested that evaluation of BAL markers at 
approximately 6 months post-transplant would be informative of 
outcomes [51]. Future studies could explore true longitudinal study 
of impact of within patient changes. Finally, we selected markers 
based on our prior experience. Other markers could be studied for 
each pathway and may improve performance. However, our study 
supports that Type 1, 2, and 17 immune responses can inform about 
the pathogenesis and risk of CLAD, and possibly for other outcomes 
after lung transplant.

In summary, we showed that Type 1, Type 2, and Type 17 immune 
responses are associated with important outcomes after transplant 
including CLAD and mortality. These data suggest potential for 
earlier recognition and possibly intervention to reduce the risk of 
CLAD and mortality after lung transplantation.

Acknowledgement
The authors wish to acknowledge the late Dr. Robert Elashoff, 

for his mentorship and support of this research and the career 
development of SSW and many others.

Funding
This research has been supported by funding from the National 

Institutes of Health Grant P01-HL108793.

References
1. Copeland CAF, Snyder LD, Zaas DW, Turbyfill WJ, Davis WA, Palmer 

SM. Survival after bronchiolitis obliterans syndrome among bilateral lung 
transplant recipients. Am J Respir Crit Care Med. 2010;182(6):784-9.

2. Weigt SS, DerHovanessian A, Wallace WD, Lynch JP 3rd, Belperio 
JA. Bronchiolitis obliterans syndrome: The Achilles' heel of lung 
transplantation. Semin Respir Crit Care Med. 2013;34(3):336-51.

3. Hodge S, Holmes M, Banerjee B, Musk M, Kicic A, Waterer G, et al. 
Posttransplant bronchiolitis obliterans syndrome is associated with 
bronchial epithelial to mesenchymal transition. Am J Transplant. 
2009;9(4):727-33.

 
 CLAD Death unrelated to CLAD

PC Hazard Ratio P-value Hazard Ratio P-value

Type 1 (IL-12p70†, CXCL10, CCL5, IFN-γ†)
1st 1.518 0.0080 0.578 0.1345

2nd 0.960 0.8617 1.656 0.0199

Type 2 (IL-13, CCL2, CCL11†)
1st 1.387 0.0396 0.717 0.3077

2nd 1.310 0.0505 0.556 0.0772

Type 17 (IL-17†, IL-6, TGF-β†, CCL20)
1st 1.175 0.3817 1.245 0.5421

2nd 0.850 0.3035 1.790 0.0011

Table 3: Cumulative incidence competing risk models for CLAD, or death unrelated to CLAD.

†Indicates markers modeled as categorical detectable or undetectable concentration. All other markers modeled as continuous

 PC HR (95% CI) P-value C-index

Type 1 (IL-12p70†, CXCL10, CCL5, IFN-γ†)
1st 1.416 (1.072, 1.870) 0.0142

0.862
2nd 1.453 (1.049, 2.012) 0.0246

Type 2 (IL-13, CCL2, CCL11†)
1st 1.349 (1.018, 1.787) 0.0373

0.851
2nd 1.468 (1.122, 1.921) 0.0052

Type 17 (IL-17†, IL-6, TGF-β†, CCL20)
1st 1.666 (1.175, 2.363) 0.0042

0.641
2nd 1.128 (0.787, 1.616) 0.5120

Table 4: Cox proportional hazard models for time to death.

†Indicates markers modeled as categorical detectable or undetectable concentration. All other markers modeled as continuous

https://pubmed.ncbi.nlm.nih.gov/20508211/
https://pubmed.ncbi.nlm.nih.gov/20508211/
https://pubmed.ncbi.nlm.nih.gov/20508211/
https://pubmed.ncbi.nlm.nih.gov/23821508/
https://pubmed.ncbi.nlm.nih.gov/23821508/
https://pubmed.ncbi.nlm.nih.gov/23821508/
https://pubmed.ncbi.nlm.nih.gov/19344464/
https://pubmed.ncbi.nlm.nih.gov/19344464/
https://pubmed.ncbi.nlm.nih.gov/19344464/
https://pubmed.ncbi.nlm.nih.gov/19344464/


Weigt SS, et al., Annals of Transplantation Research

Remedy Publications LLC. 2023 | Volume 3 | Issue 1 | Article 10176

4. Iacono A, Dauber J, Keenan R, Spichty K, Cai J, Grgurich W, et al. 
Interleukin 6 and interferon-gamma gene expression in lung transplant 
recipients with refractory acute cellular rejection: implications for 
monitoring and inhibition by treatment with aerosolized cyclosporine. 
Transplantation. 1997;64(2):263-9.

5. KC Lu, Jaramillo A, Lecha RL, Schuessler RB, Aloush A, Trulock 
EP, et al. Interleukin-6 and interferon-gamma gene polymorphisms 
in the development of bronchiolitis obliterans syndrome after lung 
transplantation. Transplantation. 2002;74(9):1297-302.

6. Meloni F, Vitulo P, Cascina A, Oggionni T, Bulgheroni A, Paschetto 
E, et al. Bronchoalveolar lavage cytokine profile in a cohort of lung 
transplant recipients: A predictive role of interleukin-12 with respect 
to onset of bronchiolitis obliterans syndrome. J Heart Lung Transplant. 
2004;23(9):1053-60.

7. Moudgil A, Bagga A, Toyoda M, Nicolaidou E, Jordan SC, Ross D, et 
al. Expression of gamma-IFN mRNA in bronchoalveolar lavage fluid 
correlates with early acute allograft rejection in lung transplant recipients. 
Clin Transplant. 1999;13(2):201-7.

8. Neuringer IP, Walsh SP, Mannon RB, Gabriel S, Aris RM. Enhanced T 
cell cytokine gene expression in mouse airway obliterative bronchiolitis. 
Transplantation. 2000;69(3):399-405.

9. Raisanen-Sokolowski A, Glysing-Jensen T, Russell ME. Leukocyte-
suppressing influences of Interleukin (IL)-10 in cardiac allografts: Insights 
from IL-10 knockout mice. Am J Pathol. 1998;153(5):1491-500.

10. Zhu J, Paul WE. CD4 T cells: Fates, functions, and faults. Blood. 
2008;112(5):1557-69.

11. Belperio JA, Keane MP, Burdick MD, Lynch 3rd JP, Xue YY, Li K, et 
al. Critical role for CXCR3 chemokine biology in the pathogenesis of 
bronchiolitis obliterans syndrome. J Immunol. 2002;169(2):1037-49.

12. Belperio JA, Keane MP, Burdick MD, Lynch 3rd JP, Zisman DA, Xue YY, 
et al. Role of CXCL9/CXCR3 chemokine biology during pathogenesis of 
acute lung allograft rejection. J Immunol. 2003;171(9):4844-52.

13. Shino MY, Weigt SS, Li N, Derhovanessian A, Sayah DM, Saggar R, et al. 
The Prognostic importance of bronchoalveolar lavage fluid CXCL9 during 
minimal acute rejection on the risk of chronic lung allograft dysfunction. 
Am J Transplant. 2018;18(1):136-44.

14. Shino MY, Weigt SS, Li N, Palchevskiy V, Derhovanessian A, Saggar R, et 
al. CXCR3 ligands are associated with the continuum of diffuse alveolar 
damage to chronic lung allograft dysfunction. Am J Respir Crit Care Med. 
2013;188(9):1117-25.

15. Shino MY, Weigt SS, Li N, Palchevskiy V, Derhovanessian A, Saggar R, et 
al. The prognostic importance of CXCR3 chemokine during organizing 
pneumonia on the risk of chronic lung allograft dysfunction after lung 
transplantation. PLoS One. 2017;12(7):e0180281.

16. Belperio JA, Burdick MD, Keane MP, Xue YY, Lynch 3rd JP, Daugherty 
BL, et al. The role of the CC chemokine, RANTES, in acute lung allograft 
rejection. J Immunol. 2000;165(1):461-72.

17. Burlingham WJ, Love RB, Jankowska-Gan E, Haynes LD, Xu Q, Bobadilla 
JL, et al. IL-17-dependent cellular immunity to collagen type V predisposes 
to obliterative bronchiolitis in human lung transplants. J Clin Invest. 
2007;117(11):3498-506.

18. Fan L, Benson HL, Vittal R, Mickler EA, Presson R, Fisher AJ, et al. 
Neutralizing IL-17 prevents obliterative bronchiolitis in murine orthotopic 
lung transplantation. Am J Transplant. 2011;11(5):911-22.

19. Nakagiri T, Inoue M, Morii E, Minami M, Sawabata N, Utsumi T, et al. 
Local IL-17 production and a decrease in peripheral blood regulatory T 
cells in an animal model of bronchiolitis obliterans. Transplantation. 
2010;89(11):1312-9.

20. Vanaudenaerde BM, Vleeschauwer SID, Vos R, Meyts I, Bullens DM, 
Reynders V, et al. The role of the IL23/IL17 axis in bronchiolitis obliterans 

syndrome after lung transplantation. Am J Transplant. 2008;8(9):1911-20.

21. Yamada Y, Vandermeulen E, Heigl T, Somers J, Vaneylen A, Verleden SE, 
et al. The role of recipient derived interleukin-17A in a murine orthotopic 
lung transplant model of restrictive chronic lung allograft dysfunction. 
Transpl Immunol. 2016;39:10-7.

22. Belperio JA, Keane MP, Burdick MD, Lynch 3rd JP, Xue YY, Berlin A, et 
al., Critical role for the chemokine MCP-1/CCR2 in the pathogenesis of 
bronchiolitis obliterans syndrome. J Clin Invest. 2001;108(4):547-56.

23. Keane MP, Gomperts BN, Weigt S, Xue YY, Burdick MD, Nakamura 
H, et al. IL-13 is pivotal in the fibro-obliterative process of bronchiolitis 
obliterans syndrome. J Immunol. 2007;178(1):511-9.

24. Zhai Y, Ghobrial RM, Busuttil RW, Kupiec-Weglinski JW. Th1 and Th2 
cytokines in organ transplantation: paradigm lost? Crit Rev Immunol. 
1999;19(2):155-72.

25. Gu L, Tseng S, Horner RM, Tam C, Loda M, Rollins BJ, et al. Control of 
TH2 polarization by the chemokine monocyte chemoattractant protein-1. 
Nature. 2000;404(6776):407-11.

26. Puxeddu I, Bader R, Piliponsky AM, Reich R, Levi-Schaffer F. The CC 
chemokine eotaxin/CCL11 has a selective profibrogenic effect on human 
lung fibroblasts. J Allergy Clin Immunol. 2006;117(1):103-10.

27. Shino MY, Weigt SS, Li N, Derhovanessian A, Sayah DM, Huynh RH, et 
al. Impact of allograft injury time of onset on the development of chronic 
lung allograft dysfunction after lung transplantation. Am J Transplant. 
2017;17(5):1294-303.

28. Estenne M, Maurer JR, Boehler A, Egan JJ, Frost A, Hertz M, et al. 
Bronchiolitis obliterans syndrome 2001: An update of the diagnostic 
criteria. J Heart Lung Transplant. 2002;21(3):297-310.

29. Weigt SS, Elashoff RM, Huang C, Ardehali A, Gregson AL, Kubak B, 
et al. Aspergillus colonization of the lung allograft is a risk factor for 
bronchiolitis obliterans syndrome. Am J Transplant. 2009;9(8):1903-11.

30. Shrivastava A, Gupta VB. Methods for the determination of limit of 
detection and limit of quantification of the analytical methods. Chron 
Young Sci. 2011;2(1):21-5.

31. So Y, Lin G, Johnston G. Using the PHREG procedure to analyze 
competing-risks data. 2014.

32. Gordon S. Alternative activation of macrophages. Nat Rev Immunol. 
2003;3(1):23-35.

33. Mantovani A, Allavena P, Sica A. Tumour-associated macrophages as 
a prototypic type II polarised phagocyte population: Role in tumour 
progression. Eur J Cancer. 2004;40(11):1660-7.

34. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two 
types of murine helper T cell clone. I. Definition according to profiles of 
lymphokine activities and secreted proteins. J Immunol. 1986;136(7):2348-
57.

35. Mosmann TR, Sad S. The expanding universe of T-cell subsets: Th1, Th2 
and more. Immunol Today. 1996;17(3):138-46.

36. Zingoni A, Sornasse T, Cocks BG, Tanaka Y, Santoni A, Lanier LL, 
et al. NK cell regulation of T cell-mediated responses. Mol Immunol. 
2005;42(4):451-4.

37. VanBuskirk AM, Wakely ME, Orosz CG. Transfusion of polarized TH2-
like cell populations into SCID mouse cardiac allograft recipients results in 
acute allograft rejection. Transplantation. 1996;62(2):229-38.

38. Piccotti JR, Li K, Chan SY, Eichwald EJ, Bishop DK. Cytokine regulation 
of chronic cardiac allograft rejection: Evidence against a role for Th1 in the 
disease process. Transplantation. 1999;67(12):1548-55.

39. Piccotti JR, Li K, Chan SY, Ferrante J, Magram J, Eichwald EJ, et al. 
Alloantigen-reactive Th1 development in IL-12-deficient mice. J Immunol. 
1998;160(3):1132-8.

https://pubmed.ncbi.nlm.nih.gov/9256185/
https://pubmed.ncbi.nlm.nih.gov/9256185/
https://pubmed.ncbi.nlm.nih.gov/9256185/
https://pubmed.ncbi.nlm.nih.gov/9256185/
https://pubmed.ncbi.nlm.nih.gov/9256185/
https://pubmed.ncbi.nlm.nih.gov/12451269/
https://pubmed.ncbi.nlm.nih.gov/12451269/
https://pubmed.ncbi.nlm.nih.gov/12451269/
https://pubmed.ncbi.nlm.nih.gov/12451269/
https://pubmed.ncbi.nlm.nih.gov/15454171/
https://pubmed.ncbi.nlm.nih.gov/15454171/
https://pubmed.ncbi.nlm.nih.gov/15454171/
https://pubmed.ncbi.nlm.nih.gov/15454171/
https://pubmed.ncbi.nlm.nih.gov/15454171/
https://pubmed.ncbi.nlm.nih.gov/10202618/
https://pubmed.ncbi.nlm.nih.gov/10202618/
https://pubmed.ncbi.nlm.nih.gov/10202618/
https://pubmed.ncbi.nlm.nih.gov/10202618/
https://pubmed.ncbi.nlm.nih.gov/10706050/
https://pubmed.ncbi.nlm.nih.gov/10706050/
https://pubmed.ncbi.nlm.nih.gov/10706050/
https://pubmed.ncbi.nlm.nih.gov/9811341/
https://pubmed.ncbi.nlm.nih.gov/9811341/
https://pubmed.ncbi.nlm.nih.gov/9811341/
https://pubmed.ncbi.nlm.nih.gov/18725574/
https://pubmed.ncbi.nlm.nih.gov/18725574/
https://pubmed.ncbi.nlm.nih.gov/12097412/
https://pubmed.ncbi.nlm.nih.gov/12097412/
https://pubmed.ncbi.nlm.nih.gov/12097412/
https://pubmed.ncbi.nlm.nih.gov/14568964/
https://pubmed.ncbi.nlm.nih.gov/14568964/
https://pubmed.ncbi.nlm.nih.gov/14568964/
https://pubmed.ncbi.nlm.nih.gov/28637080/
https://pubmed.ncbi.nlm.nih.gov/28637080/
https://pubmed.ncbi.nlm.nih.gov/28637080/
https://pubmed.ncbi.nlm.nih.gov/28637080/
https://pubmed.ncbi.nlm.nih.gov/24063316/
https://pubmed.ncbi.nlm.nih.gov/24063316/
https://pubmed.ncbi.nlm.nih.gov/24063316/
https://pubmed.ncbi.nlm.nih.gov/24063316/
https://pubmed.ncbi.nlm.nih.gov/28686641/
https://pubmed.ncbi.nlm.nih.gov/28686641/
https://pubmed.ncbi.nlm.nih.gov/28686641/
https://pubmed.ncbi.nlm.nih.gov/28686641/
https://pubmed.ncbi.nlm.nih.gov/10861085/
https://pubmed.ncbi.nlm.nih.gov/10861085/
https://pubmed.ncbi.nlm.nih.gov/10861085/
https://pubmed.ncbi.nlm.nih.gov/17965778/
https://pubmed.ncbi.nlm.nih.gov/17965778/
https://pubmed.ncbi.nlm.nih.gov/17965778/
https://pubmed.ncbi.nlm.nih.gov/17965778/
https://pubmed.ncbi.nlm.nih.gov/21521466/
https://pubmed.ncbi.nlm.nih.gov/21521466/
https://pubmed.ncbi.nlm.nih.gov/21521466/
https://pubmed.ncbi.nlm.nih.gov/20393404/
https://pubmed.ncbi.nlm.nih.gov/20393404/
https://pubmed.ncbi.nlm.nih.gov/20393404/
https://pubmed.ncbi.nlm.nih.gov/20393404/
https://pubmed.ncbi.nlm.nih.gov/18786233/
https://pubmed.ncbi.nlm.nih.gov/18786233/
https://pubmed.ncbi.nlm.nih.gov/18786233/
https://pubmed.ncbi.nlm.nih.gov/27737799/
https://pubmed.ncbi.nlm.nih.gov/27737799/
https://pubmed.ncbi.nlm.nih.gov/27737799/
https://pubmed.ncbi.nlm.nih.gov/27737799/
https://pubmed.ncbi.nlm.nih.gov/11518728/
https://pubmed.ncbi.nlm.nih.gov/11518728/
https://pubmed.ncbi.nlm.nih.gov/11518728/
https://pubmed.ncbi.nlm.nih.gov/17182591/
https://pubmed.ncbi.nlm.nih.gov/17182591/
https://pubmed.ncbi.nlm.nih.gov/17182591/
https://pubmed.ncbi.nlm.nih.gov/10352902/
https://pubmed.ncbi.nlm.nih.gov/10352902/
https://pubmed.ncbi.nlm.nih.gov/10352902/
https://pubmed.ncbi.nlm.nih.gov/10746730/
https://pubmed.ncbi.nlm.nih.gov/10746730/
https://pubmed.ncbi.nlm.nih.gov/10746730/
https://pubmed.ncbi.nlm.nih.gov/16387592/
https://pubmed.ncbi.nlm.nih.gov/16387592/
https://pubmed.ncbi.nlm.nih.gov/16387592/
https://pubmed.ncbi.nlm.nih.gov/27676455/
https://pubmed.ncbi.nlm.nih.gov/27676455/
https://pubmed.ncbi.nlm.nih.gov/27676455/
https://pubmed.ncbi.nlm.nih.gov/27676455/
https://pubmed.ncbi.nlm.nih.gov/11897517/
https://pubmed.ncbi.nlm.nih.gov/11897517/
https://pubmed.ncbi.nlm.nih.gov/11897517/
https://pubmed.ncbi.nlm.nih.gov/19459819/
https://pubmed.ncbi.nlm.nih.gov/19459819/
https://pubmed.ncbi.nlm.nih.gov/19459819/
https://www.researchgate.net/publication/237843205_Methods_for_the_determination_of_limit_of_detection_and_limit_of_quantitation_of_the_analytical_methods
https://www.researchgate.net/publication/237843205_Methods_for_the_determination_of_limit_of_detection_and_limit_of_quantitation_of_the_analytical_methods
https://www.researchgate.net/publication/237843205_Methods_for_the_determination_of_limit_of_detection_and_limit_of_quantitation_of_the_analytical_methods
https://support.sas.com/rnd/app/stat/papers/2014/competingrisk2014.pdf
https://support.sas.com/rnd/app/stat/papers/2014/competingrisk2014.pdf
https://pubmed.ncbi.nlm.nih.gov/12511873/
https://pubmed.ncbi.nlm.nih.gov/12511873/
https://pubmed.ncbi.nlm.nih.gov/15251154/
https://pubmed.ncbi.nlm.nih.gov/15251154/
https://pubmed.ncbi.nlm.nih.gov/15251154/
https://pubmed.ncbi.nlm.nih.gov/2419430/
https://pubmed.ncbi.nlm.nih.gov/2419430/
https://pubmed.ncbi.nlm.nih.gov/2419430/
https://pubmed.ncbi.nlm.nih.gov/2419430/
https://pubmed.ncbi.nlm.nih.gov/8820272/
https://pubmed.ncbi.nlm.nih.gov/8820272/
https://pubmed.ncbi.nlm.nih.gov/15607797/
https://pubmed.ncbi.nlm.nih.gov/15607797/
https://pubmed.ncbi.nlm.nih.gov/15607797/
https://pubmed.ncbi.nlm.nih.gov/8755821/
https://pubmed.ncbi.nlm.nih.gov/8755821/
https://pubmed.ncbi.nlm.nih.gov/8755821/
https://pubmed.ncbi.nlm.nih.gov/10401761/
https://pubmed.ncbi.nlm.nih.gov/10401761/
https://pubmed.ncbi.nlm.nih.gov/10401761/
https://pubmed.ncbi.nlm.nih.gov/9570526/
https://pubmed.ncbi.nlm.nih.gov/9570526/
https://pubmed.ncbi.nlm.nih.gov/9570526/


Weigt SS, et al., Annals of Transplantation Research

Remedy Publications LLC. 2023 | Volume 3 | Issue 1 | Article 10177

40. Nocera A, Tagliamacco A, Palma RD, Galdo FD, Ferrante A, Fontana I, 
et al. Cytokine mRNA expression in chronically rejected human renal 
allografts. Clin Transplant. 2004;18(5):564-70.

41. Beauregard C, Stevens C, Mayhew E, Niederkorn JY. Cutting edge: Atopy 
promotes Th2 responses to alloantigens and increases the incidence and 
tempo of corneal allograft rejection. J Immunol. 2005;174(11):6577-81.

42. Piccotti JR, Chan SY, VanBuskirk AM, Eichwald EJ, Bishop DK. Are Th2 
helper T lymphocytes beneficial, deleterious, or irrelevant in promoting 
allograft survival? Transplantation. 1997;63(5):619-24.

43. Steiger JU, Nickerson PW, Hermle M, Thiel G, Heim MH. Interferon-
gamma receptor signaling is not required in the effector phase of the 
alloimmune response. Transplantation. 1998;65(12):1649-52.

44. Alexander J, Bryson K. T helper (h)1/Th2 and Leishmania: Paradox rather 
than paradigm. Immunol Lett. 2005;99(1):17-23.

45. Koshiba T, Giulietti A, Damme BV, Overbergh L, Rutgeerts O, Kitade H, et 
al. Paradoxical early upregulation of intragraft Th1 cytokines is associated 
with graft acceptance following donor-specific blood transfusion. Transpl 
Int. 2003;16(3):179-85.

46. Mhoyan A, Wu GD, Kakoulidis TP, Que X, Yolcu ES, Cramer DV, et al. 
Predominant expression of the Th2 response in chronic cardiac allograft 
rejection. Transpl Int. 2003;16(8):464-73.

47. Shirwan H. Chronic allograft rejection. Do the Th2 cells preferentially 
induced by indirect alloantigen recognition play a dominant role? 
Transplantation. 1999;68(6):715-26.

48. Graber P, Gretener D, Herren S, Aubry JP, Elson G, Poudrier J, et al. 
The distribution of IL-13 receptor alpha1 expression on B cells, T cells 
and monocytes and its regulation by IL-13 and IL-4. Eur J Immunol. 
1998;28(12):4286-98.

49. Lee CG, Homer RJ, Zhu Z, Lanone S, Wang X, Koteliansky V, et al. 
Interleukin-13 induces tissue fibrosis by selectively stimulating and 
activating transforming growth factor beta(1). J Exp Med. 2001;194(6):809-
21.

50. Kunzendorf U, Tran TH, Bulfone-Paus S. The Th1-Th2 paradigm in 
1998: Law of nature or rule with exceptions. Nephrol Dial Transplant. 
1998;13(10):2445-8.

51. Weigt SS, Wang X, Palchevskiy V, Patel N, Derhovanessian A, Shino 
MY, et al., Gene expression profiling of bronchoalveolar lavage cells 
during aspergillus colonization of the lung allograft. Transplantation. 
2018;102(6):986-93.

https://pubmed.ncbi.nlm.nih.gov/15344961/
https://pubmed.ncbi.nlm.nih.gov/15344961/
https://pubmed.ncbi.nlm.nih.gov/15344961/
https://pubmed.ncbi.nlm.nih.gov/15905494/
https://pubmed.ncbi.nlm.nih.gov/15905494/
https://pubmed.ncbi.nlm.nih.gov/15905494/
https://pubmed.ncbi.nlm.nih.gov/9075827/
https://pubmed.ncbi.nlm.nih.gov/9075827/
https://pubmed.ncbi.nlm.nih.gov/9075827/
https://pubmed.ncbi.nlm.nih.gov/9665085/
https://pubmed.ncbi.nlm.nih.gov/9665085/
https://pubmed.ncbi.nlm.nih.gov/9665085/
https://pubmed.ncbi.nlm.nih.gov/15894106/
https://pubmed.ncbi.nlm.nih.gov/15894106/
https://pubmed.ncbi.nlm.nih.gov/12664213/
https://pubmed.ncbi.nlm.nih.gov/12664213/
https://pubmed.ncbi.nlm.nih.gov/12664213/
https://pubmed.ncbi.nlm.nih.gov/12664213/
https://pubmed.ncbi.nlm.nih.gov/12712237/
https://pubmed.ncbi.nlm.nih.gov/12712237/
https://pubmed.ncbi.nlm.nih.gov/12712237/
https://pubmed.ncbi.nlm.nih.gov/10515369/
https://pubmed.ncbi.nlm.nih.gov/10515369/
https://pubmed.ncbi.nlm.nih.gov/10515369/
https://pubmed.ncbi.nlm.nih.gov/9862366/
https://pubmed.ncbi.nlm.nih.gov/9862366/
https://pubmed.ncbi.nlm.nih.gov/9862366/
https://pubmed.ncbi.nlm.nih.gov/9862366/
https://pubmed.ncbi.nlm.nih.gov/11560996/
https://pubmed.ncbi.nlm.nih.gov/11560996/
https://pubmed.ncbi.nlm.nih.gov/11560996/
https://pubmed.ncbi.nlm.nih.gov/11560996/
https://pubmed.ncbi.nlm.nih.gov/9794533/
https://pubmed.ncbi.nlm.nih.gov/9794533/
https://pubmed.ncbi.nlm.nih.gov/9794533/
https://pubmed.ncbi.nlm.nih.gov/29256975/
https://pubmed.ncbi.nlm.nih.gov/29256975/
https://pubmed.ncbi.nlm.nih.gov/29256975/
https://pubmed.ncbi.nlm.nih.gov/29256975/

	Title
	Abstract
	Introduction
	Ethics Statement
	Materials and Methods
	Patient selection
	BAL biomarker assays
	Statistical methods

	Results
	Patient and sample characteristics
	Immune response markers and risk of clad and mortality

	Discussion
	Acknowledgement
	Funding
	References
	Figure 1
	Table 1
	Table 2
	Table 3
	Table 4

