
UCSF
UC San Francisco Previously Published Works

Title
Lung transplant recipients with idiopathic pulmonary fibrosis have impaired alloreactive 
immune responses.

Permalink
https://escholarship.org/uc/item/42z317gs

Journal
The Journal of heart and lung transplantation : the official publication of the International 
Society for Heart Transplantation, 41(5)

ISSN
1053-2498

Authors
Wang, Ping
Leung, Joey
Lam, Alice
et al.

Publication Date
2022-05-01

DOI
10.1016/j.healun.2021.11.012
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/42z317gs
https://escholarship.org/uc/item/42z317gs#author
https://escholarship.org
http://www.cdlib.org/


Lung Transplant Recipients with Idiopathic Pulmonary Fibrosis 
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3Medical Service, San Francisco VA Health Care System, San Francisco CA

Abstract

Background—Telomere dysfunction is associated with idiopathic pulmonary fibrosis (IPF) and 

worse outcomes following lung transplantation. Telomere dysfunction may impair immunity 

by upregulating p53 and arresting proliferation, but its influence on allograft-specific immune 

responses is unknown. We hypothesized that subjects undergoing lung transplantation for IPF 

would have impaired T-cell proliferation to donor antigens.

Methods—We analyzed peripheral blood mononuclear cells (PBMC) from 14 IPF lung 

transplant recipients and 12 age-matched non-IPF subjects, before and 2 years after 

transplantation, as well as PBMC from 9 non-transplant controls. We quantified T cell 

proliferation and cytokine secretion to donor antigens. Associations between PBMC telomere 

length, measured by quantitative PCR, and T cell proliferation to alloantigens were evaluated with 

generalized estimating equation models.

Results—IPF subjects demonstrated impaired CD8+ T cell proliferation to donor antigens pre-

transplant (P <0.05). IL-2, IL-7, and IL-15 cytokine stimulation restored T cell proliferation, while 

p53 upregulation blocked proliferation. IPF subjects had shorter PBMC telomere lengths than 

non-IPF subjects (P < 0.001), and short PBMC telomere length was associated with impaired 

CD8+ T cell proliferation to alloantigens (P = 0.002).

Conclusions—IPF as an indication for lung transplant is associated with short PBMC telomere 

length and impaired T cell responses to donor antigens. However, the rescue of proliferation 
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following cytokine exposure suggests that alloimmune anergy could be overcome. Telomere length 

may inform immunosuppression strategies for IPF recipients.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and fatal disease characterized 

by progressive fibrosis of the lung parenchyma.1,2 Disease-modifying therapies may slow 

progression, but in many cases lung transplantation is used to manage the disease.3

IPF is strongly linked to telomere dysfunction. Telomeres are nucleoprotein caps at the 

ends of chromosomes that bind in looped shelterin protein complexes to maintain genomic 

integrity and stability.4 While telomere shortening is a natural consequence of cell division, 

telomerase proteins can restore telomeric nucleotide regions.5 These telomerase proteins are 

active in proliferating lymphocytes and malignant cells.6 Studies have found almost 37% of 

patients with familial pulmonary fibrosis (FPF) have shortened telomeres in their circulating 

leukocytes.7,8 Telomere-related mutations are found in up to 11.3% of sporadic IPF,9 and 

even in the absence of known gene mutations, the peripheral blood average telomere length 

in IPF patient is lower than age-matched controls.8,10,11

While lung transplantation addresses the impact of telomere dysfunction in the lung 

parenchyma,12 systemic telomere dysfunction may continue to impact the immune system.13 

Short leukocyte telomeres are linked to worse outcomes from the use of immunosuppression 

as a treatment for IPF.14 Post-transplant, short recipient telomere lengths have been variably 

linked with leukopenia, cytomegalovirus (CMV) infection risk, decreased acute cellular 

rejection, and impaired chronic lung allograft dysfunction (CLAD)-free survival.15–19 In 

particular, lung transplant recipients with short telomeres were found to have impaired 

cytotoxic T cell proliferation to CMV.20 These findings suggest impaired immunity in IPF 

patients, which could be a consequence of telomere dysfunction in immune cells. However, 

the effects of IPF on alloimmune responses are unknown. Considering these reports, this 

study examined the hypothesis that IPF lung transplant recipients with telomere dysfunction 

would have impaired cytotoxic T cell proliferation to allogeneic antigens.

Materials and Methods

Within a longitudinal cohort of lung transplant recipients consented at the University of 

California, San Francisco (UCSF, IRB #13–10738), we selected subjects transplanted for 

IPF and frequency matched to control subjects by recipient age and sex. A convenience 

sample of healthy controls without immunosuppression or indications for transplant were 

recruited at UCSF, without matching. Induction immunosuppression included prednisone, 

basiliximab, and mycophenolate mofetil, while maintenance regimens included tacrolimus, 

mycophenolate mofetil, and prednisone. We targeted lifelong CMV prophylaxis with 

valganciclovir, but mycophenolate mofetil and/or valganciclovir dosages were decreased 

in response to leukopenia or other side effects. Additional details on inclusion and 
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exclusion criteria are in the Supplemental Methods. We examined banked peripheral blood 

mononuclear cells (PBMC) from pre-transplant and two years post-transplant in mixed 

lymphocyte reaction with donor-derived stimulated B cell (sBc) alloantigens and quantified 

proliferative responses by flow cytometry, as described previously21,22, and cytokine 

secretion by Luminex multiplex assay. Telomere lengths were performed using quantitative 

PCR as previously described.23 Mixed lymphocyte reactions with KML001 were used to 

assess effects of p53 telomere disruption.

The proportions of T cells proliferating to alloantigens were compared between IPF and 

control groups by Student’s t-test. Paired t-tests were used to compare proliferation pre-

transplant and at 2 years. Cytokine concentrations were assessed by complete linkage 

hierarchical cluster analysis and Kruskal-Wallis test between groups. Interaction of CMV 

or IPF status with memory phenotype distributions were assessed by 2-way ANOVA. The 

association between proliferation fraction with telomere length was assessed by generalized-

estimating equation (GEE) linear models. Further details on the methods and statistical 

analyses are included in the supplement.

Results

Participant characteristics are shown in Table 1. The two groups were well matched, except 

that in the control group, donor gender was more commonly male and Lung Allocation 

Scores at the time of transplant were lower. Post-transplant donor-specific antibodies (DSA) 

developed more commonly in IPF subjects. CMV viral loads were ≤200 copies/mL except 

for one subject in the control group with a viral load of 741 copies/mL. There was one case 

of CMV pneumonitis, also in the control group.

The median age was 41 (IQR 40–50) years in the healthy control group, which was younger 

than for transplant recipient groups (P < 0.001). The healthy control group included 4 men 

and 5 women (P = 0.48).

IPF subjects had impaired alloreactive CD8+ T cell proliferation pre-transplant.

Proliferative responses for recipient PBMC stimulated with donor-matched or pooled 

sBc were compared between IPF and control lung transplant recipients pre-transplant. 

Following stimulation with matched donor alloantigens, we observed a decreased frequency 

of proliferated CD8+ T cells (Figure 1A and 1B, P = 0.03). Similarly, IPF subjects had 

decreased CD8+ T cell proliferation in response to a pool of multiple donor alloantigens, 

selected to cover a broad range of HLA types, when compared with control subjects (Figure 

1A and 1B, P = 0.04). There were no statistically significant differences within the non-IPF 

group between subject with CF and those with obstructive lung disease (P ≥0.74), and 

chart review of the those with the highest proliferative responses revealed no history of 

active infection. We did not observe a difference in the donor-specific T cell proliferation 

frequency for CD8+, conventional CD4+, or regulatory T cells (P ≥0.35) between subjects 

who developed de novo DSA and those who did not. As expected, there were increases 

in the Treg, CD4+ Tconv, and CD8+ T cell responses to pooled sBc compared with more 

antigenically constrained donor sBc stimulation in both cohorts (Supplementary Figure S1, 

P ≤ 0.003).
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Prior studies suggest greater impacts of IPF on CD8+ T cell proliferation as opposed to 

CD4+ T cells.20 Accordingly, we did not observe a statistically significant difference in 

proliferation of CD4+ Tconv or Treg subsets in IPF patients relative to controls (Figure 1C 

and Supplemental Figure S2).

As shown in Supplemental Figure 2, both IPF and non-IPF lung transplant recipients had 

impaired CD8+ T cell proliferation to alloantigen when compared with a healthy, relatively 

younger, non-transplant referent group.

As shown in the representative flow plots (Figure 1A), lymphocytes from IPF subjects 

had more cells that arrested after 1–3 proliferative events and less proliferation overall. 

Fewer cells initiated proliferation, as quantified by calculation of allospecific CD8+ T 

cell precursor frequencies, which were lower in IPF subjects than in non-IPF controls 

(Supplementary Figure S3, P = 0.02).

IPF subjects had impaired proliferation to pooled HLA, but not donor-specific antigens, at 
2 years.

Allograft tolerance could develop following long-term exposure to donor antigens through 

alloreactive T cells deletion or anergy,24 but such tolerance has not been described in 

lung transplant recipients for IPF or other indications. At 2 years, IPF subjects had less 

proliferation to pooled HLA compared with non-IPF subjects, similar to what had been seen 

in pre-transplant samples to donor antigens. However, we did not observe a statistically 

significant difference in proliferation to donor-derived sBc for CD4+ Tconv (P = 0.21) or 

CD8+ T cells (P = 0.08) between IPF and non-IPF subjects (Figure 2A–B). Comparing 

responses pre- and 2 years post-transplant, donor reactive CD4+ Tconv frequency decreased 

in IPF patients (P = 0.006, Figure 2D). We did not observe a statistically significant decrease 

in donor reactive CD8+ T cell proliferation in either group (P = 0.35, Figure 2C). We also 

did not observe a statistically significant decrease in donor-specific CD4+ T cell responses 

in non-IPF controls (Figure 2D). This lack of statistical significance for CD4+ Tconv and 

CD8+ T cells in the non-IPF cohort was attributable to a single subject, who developed 

early CLAD around the 2-year time point. Together, these data suggest that differences in 

donor-specific immune responses between IPF and non-IPF subjects may diminish over time 

in subjects who develop partial tolerance.

Cytokine treatment restores proliferation to alloantigens in IPF lung transplant recipients.

Impaired alloreactivity in IPF patients could be secondary to T cell clonal deletion or anergy. 

To distinguish between these potential mechanisms, we performed mixed lymphocyte 

reactions in the presence of a cocktail of IL-2, IL-7, and IL-15 cytokines, which could 

overcome anergy for some alloreactive T cell precursors but would not increase the 

precursor frequency if clones are deleted. Proliferation was measured in pre-transplant 

recipient PBMC stimulated with alloantigens in the presence of this cytokine cocktail 

(Figure 3A). We found that cytokine cocktail treatment increased proportions of proliferated 

CD4+ and CD8+ T cells in IPF (P ≤ 0.002) and non-IPF subjects (P < 0.001) (Figures 3B 

& 3C). Similar results were observed when pooled sBc were used as stimulator to gauge the 

total alloreactive T cell response.

Wang et al. Page 4

J Heart Lung Transplant. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Consistent with the pre-transplant samples data, we observed an increase in alloreactive 

CD4+ Tconv and CD8+ T cell frequency following stimulation with either donor sBc or 

pooled sBc in IPF lung transplant recipients after long-term alloantigen exposure (Figure 3D 

and 3E, P ≤ 0.001). In addition to the fraction of proliferated cells with cytokine stimulation, 

there were increases in the number of precursors that had undergone any number of 

proliferation events (precursor frequency) with cytokine stimulation (Supplementary Figure 

S4, P ≤ 0.003).

Overall, there were no differences between cohorts in terms of the proportion of cells that 

could be induced to proliferate with cytokine stimulation (P ≥ 0.07). Inspection of the 

proliferation profiles for CD4+ Tconv and CD8+ T cell cells with cytokine stimulation show 

that some cells are induced to undergo only one division, while other cells undergo at least 

three divisions (Figure 3A). The observation that IL-2, IL-7, and IL-15 cytokines restore 

proliferation capacity suggests that some of the alloreactive IPF T cells are anergic.

Cytokine profiling demonstrates decreased effector function in lymphocytes from IPF lung 
transplant recipients.

Having observed decreased proliferation to alloantigens in IPF subjects, we asked if there 

would be a similar decrease in the production of T cell effector cytokines. Concentrations of 

13 T-cell cytokines were quantified in supernatants following a mixed lymphocyte reaction 

with donor stimulated B cells. Principal component analysis (Figure 4A) showed the first 

principal component to represent overall cytokine production with response to alloantigen 

stimulation (matched donor for recipients and single donor for non-transplant referents). 

The second principal component distinguished proliferative cytokines (IL-2, GM-CSF) from 

activators of innate immune responses (IL-1β and MCP-1). Cytokine production from these 

IPF, non-IPF, and non-transplant groups were distinct by PERMANOVA. IPF subjects 

comprised the lower portion of principal component 1 and non-IPF subjects were lower on 

principal component 2.

Unbiased hierarchical clustering was performed to understand differences in cytokine 

profiles between groups. The four observed clusters of cytokine production segregated 

by non-transplant, IPF, and non-IPF subject groups (P <0.0001 by Fisher exact test). Non-

transplant referents were exclusively in the first cluster and IPF subjects populated the 3rd 

and 4th clusters. As suggested by principal components analysis, IPF subjects had the lowest 

production of cytokines in response to alloantigen. Interestingly, IPF subjects demonstrated 

two patterns of impaired cytokine production with IPF subjects in group 3 displaying a 

preserved proliferative type 1 cytokine response (IL-2, IFN-γ, GM-CSF). Accordingly, the 

non-IPF subjects in cluster 2 were distinguished by preserved production of chemotaxis 

proteins MCP-1, IL-1β, and IL-8.

We examined individual cytokine concentrations at the pre-transplant timepoint in Figure 

4C. As suggested by these clustering analyses, the cytokines IL-1β, IL-6, IL-8, and 

MCP-1 were the most consistently different between IPF, non-transplant referents, and 

non-IPF subjects. However, the IPF subjects grouped in cluster 4, also displayed significant 

impairments in proliferative cytokines, such as IL-2.
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Memory T cell subtypes in IPF and non-IPF lung transplant recipients

To evaluate differences in memory T cell distribution, CD45RO and CCR7 expression 

were assessed in the absence of alloantigen stimulation. There were no differences in the 

memory T cells distribution between IPF and non-IPF lung transplant recipients (two-way 

ANOVA, Figure 5A and 5B) when T cells were divided into four subsets: naïve T cells (TN, 

CCR7+CD45RO−); central memory T cells (TCM, CCR7+CD45RO+); effector memory 

T cells (TEM, CCR7-CD45RO+); and terminally differentiated effector memory T cells 

(TEMRA, CCR7− CD45RO−).

Next, the distribution of T cell memory phenotypes was analyzed in pretransplant T cells 

that proliferated in response to matched donor sBc. TCM was the dominant population in 

both proliferated CD4+ Tconv and CD8+ T subsets (data not shown). Again, there were no 

differences in the memory phenotype distributions between IPF and non-IPF subjects. These 

data suggest that loss of naïve T cells does not explain the proliferation differences between 

these cohorts.

We examined whether recipient’s cytomegalovirus (CMV) exposure had an impact on 

alloreactive proliferation and memory T cell distributions. Recipients’ pre-transplant 

proliferative response to matched donor antigen was not different based on CMV serostatus 

(data not shown). However, lung transplant recipients with CMV exposure had skewed 

distributions of CD4+ Tconv subsets (Figure 5D, CMV status by cell type interaction P < 

0.05). After multiple comparison adjustment, we observed a trend towards increased TEMRA 

in CMV+ recipients (P = 0.08).

Association between PBMC telomere length and alloimmune responses

As telomere dysfunction is common in IPF subjects, we suspected that telomere dysfunction 

might explain the observed impairments in alloimmunity. As shown in Figure 6A, these IPF 

subjects had significantly shorter PBMC telomere lengths than non-IPF subjects (P < 0.001) 

or non-transplant referents (P < 0.001). Notably, there was also a trend towards reduced 

telomere length in non-IPF lung transplant recipients versus healthy controls (P = 0.09). 

Telomere length measurements at the pre-transplant and 2-year time points were correlated 

(Pearson’s product moment correlation = 0.80, P < 0.001), and there was no difference in 

telomere length observed in serial samples over time (P = 0.81).

We examined the cytokine profile groups derived by hierarchical clustering analysis (Figure 

6B). Groups 1 and 2, which included non-transplant referents and non-IPF lung transplant 

recipients, had significantly longer telomere lengths than Groups 3 and 4, which included 

mostly IPF subjects. However, there was no difference in telomere length between Groups 3 

and 4 (P = 0.43), even though Group 4 displayed the most profound impairment in cytokine 

production.

To determine the association between PBMC telomere length and T cell proliferation to 

alloantigens, we employed unadjusted GEE models (Figures 6C & 6D). We observed an 

association between CD8+ T cell proliferation and PBMC telomere length (P = 0.002, 

Figure 6C) and a trend for the association with CD4+ T cell proliferation (P = 0.07, Figure 

6D).
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P53 is upregulated with alloantigen stimulation and proliferative arrest in CD8+ T cells

Critical telomere shortening can signal through the ataxia telangiectasia mutated (ATM) 

kinase to activate p53 and block cell proliferation. To determine if p53 activation occurred 

in response to allo-stimulation of CD8+ T cells, we quantified p53 expression by flow 

cytometry following alloantigen stimulation in subjects that had 18 months samples 

available (N=5, IPF; N=6 non-IPF; N=4, healthy). As was seen in other time points for these 

subjects, there was decreased proliferation to alloantigens in IPF subjects as compared with 

non-IPF controls (Figure 7E). P53 expression was upregulated in the subset of CD8+ T cells 

that proliferated in all three groups (MFI change 183, 95% CI 159–207, P<0.001, Figure 

7A–D). Compared with non-IPF or healthy groups, sBc stimulated but non-proliferating 

(CFSEhigh) CD8+ T cells from IPF subjects had increased p53 expression, consistent with 

p53-mediated proliferative arrest (Figure 7F).

We then examined whether induced telomere dysfunction could drive a similar phenotype 

of proliferative impairment as was seen in IPF subjects. KML001 binds to telomere DNA 

sequences driving telomere erosion.25 As shown in Figure 7D–E, KML001 inhibited CD8+ 

T cell proliferation to donor antigens and increased p53 expression on CFSEhigh cells. We 

observed similar proliferative arrest and p53 upregulation in mixed lymphocyte reactions 

with the compound Nutlin-3a, which stabilizes p53 by blocking its interaction with MDM2 

(Figure S5).26

P53 activation can drive apoptosis, so we asked if increased apoptosis might explain this 

apparent proliferative arrest. Annexin V binds phosphatidylserine that translocates to the cell 

surface of apoptotic cells. We examined Annexin V binding in CFSE high and low cells 

after stimulation with donor antigen. Following stimulation, apoptotic cells were increased 

to around 10% of the total population (P<0.0001), but we did not observe differences in 

apoptosis across groups (Figure 7G). This finding would favor proliferative arrest, rather 

than apoptosis, as the major driver of impaired proliferation in IPF subjects.

Given our findings of impaired cytokine production in subjects with IPF (Figure 3), we 

asked whether impaired proliferation might reflect diminished autocrine stimulation through 

decreased upregulation of the common γ-chain receptor (CD132). Based on isotype controls 

<1% of cells were CD132 negative, with no differences between groups. Consistent with 

prior reports, CD132 was upregulated in response to stimulation.27,28 Among the cells that 

did not proliferate to alloantigen (CFSEhigh), there was an increase in % CD132high in the 

IPF group compared with healthy controls. Interestingly, the CD132high fraction of CFSEhigh 

T cells was also increased following addition of KML001 (10% change in mean from a 

baseline of 17%, 95% CI 3–16%).

Discussion

Here, we identify impaired immune responses to donor antigens in lung transplant recipients 

with IPF. These proliferation defects could be overcome with cytokine stimulation, 

consistent with an anergic phenotype. Cytokine profiling of T cells following response 

to alloantigen showed decreases in pro-inflammatory cytokines like IL-1β, IL-6, IL-8, and 

MCP-1 in IPF subjects. Finally, these impairments in immune response correlated with 

Wang et al. Page 7

J Heart Lung Transplant. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



PBMC telomere length, suggesting that telomere dysfunction could be one mechanism for 

dysfunctional alloimmune responses in IPF subjects.

Mechanistically, short telomeres induce ATM-dependent DNA damage repair pathways, 

resulting in p53 signaling that arrests cell proliferation and cytokine production.29–31 We 

found that p53 signaling was induced in T cells that proliferate in response to donor 

antigens. P53 positivity was 80% higher in CD8+ T cells from IPF patients that were 

stimulated with donor antigen but did not proliferate (Figure 7F), suggesting that p53 

activation might be arresting proliferation of some cells. Similarly, chemical disruption of 

telomere complexes in healthy or non-IPF cells resulted in p53 and CD132 upregulation 

and proliferative arrest, mirroring the phenotype of IPF cells. These findings are consistent 

with reports in T cell lines where critically short telomeres result in proliferative arrest and 

suppressed gene expression of TNFα and GM-CSF.32

We observed that a combination of IL-2, IL-7, and IL-15 could overcome this proliferation 

deficiency. Each of these cytokines has been shown to increase lymphocyte telomerase 

activity and telomere length.33–36 At the same time, there may be associations between 

immune impairment and IPF unrelated to telomere length, particularly as IPF status was 

a better predictor of immune dysfunction than telomere length in both proliferation and 

cytokine profiling studies. Further studies are needed to determine whether impairment 

in cytokine-mediated induction of telomerase activity is a relevant to the alloimmune 

impairments in individuals with IPF.

Immune aging is typically linked to a decline in naïve memory T cell populations and 

an expansion of TEMRA.37 Consistent with prior literature, CMV+ recipients in this study 

had increased TEMRA and decreased naïve T cells. However, there were no differences 

between these age matched IPF and non-IPF subjects with respect to T cell memory 

phenotype distributions. Alloantigen stimulation enriched for T cells with a TCM phenotype, 

distinct from the terminally differentiated TEMRA phenotype associated with chronic CMV 

stimulation. These data support the notion that telomere dysfunction may be independent 

from other mechanisms of immune senescence, as has been reported in aging cohort 

studies.38,39

There are some important limitations in this study. For example, telomere length was 

measured by quantitative PCR in mixed populations of cells due to limitations on the 

number of cells available. Alternative methods, like flow fluorescence in situ hybridization 

would have the advantage of allowing the measurement of telomere length within specific 

cell types and address whether they are shortest in CD8+ T cells. It is possible that short 

telomere length in CD4+ T cells would have a stronger association with CD4+ T cell 

proliferation, for example. Also, this is a single-center study that was powered for detailed 

immune phenotyping. Larger studies across multiple centers will be needed to validate these 

findings and assess their clinical implications. Our control cohort did not include subjects 

with pulmonary hypertension or non-IPF restrictive lung diseases, and so future studies 

will be needed to dissect responses across transplant indications. While we did not find 

clear evidence that infections were driving enhanced proliferative responses, it is possible 

that patients with CF or COPD could have greater infectious burden that could cause a non-
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specific enhancement in T cell proliferative responses. Interestingly, we observed decreased 

alloreactive CD4+ T cell immune response in the IPF cohort, a biological correlate of 

immune tolerance. A similar pattern was seen in the non-IPF cohort except for a single 

outlier, for whom increased alloimmune responses may have reflected evolving early-onset 

CLAD.

Here and in larger cohorts, rates of cellular rejection and CLAD were similar. While de novo 
DSA were associated with IPF here, larger cohorts have not shown a link between IPF or 

short telomeres and de novo DSA.40,41 Still, if IPF lung transplant recipients have impaired 

alloimmune responses, why are they not protected from CLAD? Findings in this study may 

address this clinical paradox: 1) IPF recipients have difficulty tolerating anti-metabolite 

immune suppression. Mycophenolic acid has been shown to activate p53 and may synergize 

with telomere dysfunction to drive leukopenia.42 2) Distinct from the senescence seen in 

response to CMV, anergic T cells may be more easily activated in the setting of a strong 

cytokine stimulus, as could happen with acute infection driving rejection. 3) Partial tolerance 

in many non-IPF recipients may result in post-transplant donor-specific immune responses 

comparable to that of IPF recipients pre-transplant.43,44

Outside of lung transplant, severe telomere-complex mutations can result in T cell 

deficiency manifest as enterocolitis and Herpesviridae-associated zoster, encephalitis, and 

pneumonia. In this population, there is a skewing from naïve T cells to TEMRA, narrowing 

of the T cell repertoire and increased Fas receptor, but not PD-1 expression.13 However, 

there are a paucity of data on immune status in adults with IPF, for whom telomere defects 

are generally less severe. It remains to be determined whether immune dysfunction in IPF 

patients has clinical implications in the absence of immunosuppressive medications, such as 

diminished responses to vaccines or greater susceptibility to infections. Finally, an immune 

phenotype from telomere dysfunction is not necessarily limited to IPF subjects, as telomere 

dysfunction can have a variety of clinical and radiographic manifestations.45

In summary, IPF as an indication for lung transplant is associated with impaired T cell 

responses to donor antigens and short telomere length. These findings suggest trials of 

immunosuppression strategies should consider the unique characteristics of the IPF recipient 

population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Idiopathic pulmonary fibrosis (IPF) subjects demonstrate impaired CD8+ T 
proliferation to alloantigen pre-transplant.
Proliferation to alloantigens was measured by mixed lymphocyte reaction for IPF and 

non-IPF lung transplant recipients. Responder PBMC were cocultured with matched donor 

or pooled stimulated B cells (sBc) for 4 days and harvested for flow cytometric analysis 

and percent proliferation was defined based on the number of cells with ≥2-fold decreased 

in CFSE staining intensity. (A) Typical flow plots of proliferated CD8+ T cells for IPF and 

non-IPF lung transplant recipients. The percentage of proliferating (B) CD8+ Tconv and 

(C) CD4+ T in response to alloantigen were shown. P-values were calculated by two-tailed 

unpaired t-test. PBMC = peripheral blood mononuclear cells; sBc = stimulated B cells; 

Tconv = conventional T cells; pooled sBc = pooled sBc mixture from 6–8 donors. The data 

were shown as mean ± S.D.
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Figure 2. Proliferation to donor-specific and pooled HLA at 2 years post-transplant.
PBMC from IPF and non-IPF lung transplant recipients 2 years post-transplant were 

stimulated with donor-derived matched sBc or pooled sBc from multiple donors in a mixed 

lymphocyte reaction. Proliferation of (A) CD8+ T cells and (B) CD4+ conventional T cells. 

Differences between IPF and non-IPF groups were assessed using unpaired Student’s t-test. 

Changes in (C) CD8+ T cells and (D) CD4+ Tconv are shown over time for the two groups 

in response to stimulation with matched donor-derived sBc. The dashed line highlights a 

subject who developed CLAD at the 2-year time point. The percentage of proliferating cells 

pre- and post-transplant were compared by two-tailed paired Student’s t-test.
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Figure 3. Cytokine stimulation augments alloreactive T cell responses in both groups.
(A) Typical flow plots showed the portion of proliferated CD4+ Tconv and CD8+ T 

cells following coculture with alloantigens in the presence or absence of IL-2, IL-7 and 

IL-15. IPF and non-IPF PBMC pre-transplant (B, C) or 2 years post-transplant (D, E) 

were stimulated with matched donor antigens or pooled sBc in the presence or absence 

of cytokines. The data are shown as mean with 95% confidential interval (CI), such that 

confidence interval not crossing 0 implies a statistically significant increase in proliferation 

with the addition of cytokines. P-values are shown for comparisons between groups with a P 

< 0.10 by two-tailed Student’s t-test.
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Figure 4. Alloreactive T cell cytokine profiling demonstrates decreased cytokine production in 
IPF subjects.
Cytokines were quantified in supernatant following coculture of pre-transplant or 2-year 

post-transplant recipient T cells with donor lymphocytes, or non-transplant referents with 

allogenic lymphocytes. (A) Principal component analysis assessed global differences in 

cytokine production across samples and showed that the groups were distinct across the first 

component, with IPF being farthest from normal, particularly for the pre-transplant time 

point. The groups were distinct as assessed by PERMANOVA (P = 0.001). The cytokine 

concentration value loadings for these principal components are shown on the right. (B) 

Four clusters were identified by unbiased hierarchical cluster analysis, within which there 

was distinct segregation of subjects (Fisher exact test, P < 0.001). Cluster 1 included 

all non-transplant referents and had robust production of most cytokines, while most IPF 

subjects were in cluster 3 and 4 and showed decreases in production of multiple cytokine 
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groups. (C) Selected cytokines are shown in at the pre-transplant time-point compared across 

the three groups by Kruskal-Wallis test (*, P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure 5. Similar T cell memory phenotype distributions between IPF and non-IPF subjects.
The memory phenotypes distribution for pre-transplant PBMC in the absence of alloantigen 

stimulation were analyzed by flow cytometry. The expression of CD45RO and CCR7 were 

analyzed for IPF and non-IPF PBMC (A-B) and CMV positive or negative recipients 

PBMC (C-D). Results for naïve T cells (TN: CCR7+CD45RO−), central memory (TCM: 

CCR7+CD45RO+), effector memory (TEM: CCR7-CD45RO+), and terminally differentiated 

effector memory (TEMRA: CCR7-CD45RO-) subsets were quantified. P-values shown are for 

the interaction between cell type and IPF status or CMV status by two-way ANOVA. The 

data are shown as mean ± S.D.
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Figure 6. Short peripheral blood telomere length is associated with impaired alloimmune 
responses.
Telomere length was measured in PBMC DNA using quantitative PCR and shown for 

IPF, non-IPF, and non-transplant referents (healthy) both pre-transplant and at 2 years 

post-transplant (A). Telomere length was shorter in IPF subjects compared with non-IPF 

and non-transplant referents as assessed by unadjusted GEE models (P < 0.001). For Non-

IPF versus healthy, we observed P = 0.09. (B) Telomere length measurements are shown 

stratified by cytokine profile cluster, as identified in Figure 4. After multiple comparison 

adjustments clusters 3 and 4, with impaired cytokine production, were found to have shorter 

telomere lengths than the clusters 1 and 2. Percent proliferation to matched or single donor 

alloantigens is shown versus telomere length for CD8+ T cells (C) and CD4+ Tconv (D). 

P-values represent statistical significance for the association of proliferation with telomere 

length as assessed by unadjusted GEE models.
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Figure 7. P53 upregulation is associated with impaired CD8+ T cell proliferation to alloantigens 
in IPF.
Mixed lymphocyte reactions were performed to detect p53 expression in CD8+ T cells 

following stimulation with pooled alloantigens. Representative flow plots show p53 

expression versus proliferation as measured by CFSE dilution in cells from subjects at 

18 months post-transplant for (A) IPF or (B) other indications. P53 thresholds were set 

based on isotype control staining in the CFSElow population. Responses in healthy referents 

are shown in (C), as well as responses from healthy subject PBMC after treatment with 

KML001, a reagent that binds and erodes telomeres (D). (E) CD8+ T cell proliferation was 

less in IPF subjects than in healthy controls (P <0.0001) or non-IPF subjects (P = 0.0002). 

KML001 treatment resulted in reduced proliferation for all groups (P <0.0001). (F) Median 

fluorescence intensity (MFI) for P53 after subtraction of isotype control MFI is shown for 

non-responsive (CFSEhigh) CD8+ T cells with and without KML001. KML001 treatment 

resulted in increased p53 levels (P <0.0001), and cells from IPF subjects had increased p53 

levels versus non-IPF (P=0.049) and healthy (P=0.002) groups. (G) Annexin V staining, a 

marker of apoptosis, was increased in proliferated CD8+ T cells versus unstimulated cells (P 

<0.0001) but not different between groups. (H) The common γ-chain receptor (CD132) was 

present on 99% of cells, but upregulated in following alloantigen stimulation (P <0.0001). 

CD132high cells were more common in non-responding (CFSElow) CD8+ T cells from 

IPF subjects (P = 0.005) as compared with healthy referents. Statistical comparisons were 

performed using 2-way ANOVA with Dunnett’s post-test.
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Table 1

Subject Characteristics and outcomes

IPF Controls P-value

Total Subjects, N 14 12

Recipient Age, median [IQR]
1 63 [54–66] 64 [55–66] 0.94

Donor Age, median [IQR]
1

39 [23–52] 33 [28–52] 0.57

Male recipient, N (%) 10 (71) 7 (58) 0.78

Male donor, N (%) 7 (50.0) 12 (100) 0.02

Double lung transplant, N (%) 14 (100) 12 (100) 1.00

CMV serostatus, N (%) 0.39

 D+/R− 5 (36) 2 (17)

 D+/R+ 2 (14) 4 (33)

 D− 7 (50) 6 (50)

Diagnosis group, N (%) <0.001

 A (Obstructive) 0 (0) 9 (75)

 C (Cystic Fibrosis) 0 (0) 3 (25)

 D (Pulmonary Fibrosis) 14 (100) 0 (0)

Recipient Ethnicity, N (%) 0.18

 White 10 (71) 11 (92)

 Black 0 (0) 1 (8)

 Other 4 (29) 0 (0)

Donor Ethnicity, N (%) 0.98

 White 7 (50) 6 (50)

 Black 1 (7) 1 (8)

 Other 6 (43) 5 (42)

Lung allocation score, median [IQR]
1

72 [44–87] 36 [33–46] 0.004

HLA mismatches, median [IQR]
1 5 [5–6] 5 [4–6] 0.25

Panel-reactive antibiodies, median [IQR]
1 5% [0–12%] 2% [0–10%] 0.71

Pre-transplant DSA, N (%) 1 (7) 2 (17) 0.89

De novo DSA, N (%) 9 (50) 0 (0) 0.02

2-year post transplant data

On mycophenolate at 2 years, N (%) 9 (64) 11 (92) 0.24

Mycophenolate held for leukopenia 5 (36) 1 (8) 0.24

Mycophenolate dose, median [IQR]
1,2 625 [0–1000] 1000 [500–1250] 0.22

White blood cell count
3
, mean (SD) 6.4 (2.1) 6.5 (2.5) 0.95

Absolute Neutrophil Count
3
, mean (SD) 4.4 (1.8) 4.3 (1.8) 0.95

Absolute Lymphocyte Count
3
, mean (SD) 1.3 (0.8) 1.7 (0.8) 0.27
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IPF Controls P-value

CMV viremia, N (%) 2 (14) 5 (42) 0.26

Number bronchoscopies, mean (SD) 11 (2) 12 (2) 0.06

Episodes of ≥A1 rejection, mean (SD) 6 (43) 3 (25) 0.59

Episodes of ≥A2 rejection, mean (SD) 2 (14) 2 (17) 1.00

Resulting in antibiotics, mean (SD) 2.3 (1.6) 2.0 (1.5) 0.64

Resulting in steroids, mean (SD) 0.6 (0.9) 0.3 (0.5) 0.31

CLAD-free survival years, restricted mean (SE) 4.3 (0.5) 4.3 (0.4) 0.60

1
 denotes non-normal distribution by Shapiro-Wilk test

2
 total daily dose equivalents in milligrams; 180 mg of enteric coated mycophenolic acid was considered equivalent to 250 mg of mycophenolate 

mofetil.

3
x 1,000 cells per microliter

N, number; IQR, Interquartile range; CMV, cytomegalovirus; DSA, donor-specific antibodies; D, donor; R, recipient; HLA, human leukocyte 
antigen; SD, standard deviation; SE, standard error; CLAD, chronic lung allograft dysfunction
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