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OriginalBasicScienceçGeneral
Donor-Reactive Regulatory T-Cell Frequency
Increases During Acute Cellular Rejection of
Lung Allografts
John R. Greenland, MD, PhD,1,2 Charissa M. Wong, BA,3 Rahul Ahuja, BA,1 Angelia S. Wang, MPH,3

Chiyo Uchida, BS, RN,4 Jeffrey A. Golden, MD,2,3 Steven R. Hays, MD,2 Lorriana E. Leard, MD,2

Raja Rajalingam, PhD,3 Jonathan P. Singer, MD, MS,2 Jasleen Kukreja, MD,3 Paul J. Wolters, MD,2

George H. Caughey, MD,1,2,5 and Qizhi Tang, PhD3
Background. Acute cellular rejection is a major cause of morbidity after lung transplantation. Because regulatory T (Treg) cells
limit rejection of solid organs, we hypothesized that donor-reactive Treg increase after transplantation with development of partial
tolerance and decrease relative to conventional CD4+ (Tconv) and CD8+ Tcells during acute cellular rejection.Methods. To test
these hypotheses, we prospectively collected 177 peripheral bloodmononuclear cell specimens from 39 lung transplant recipients
at the time of transplantation and during bronchoscopic assessments for acute cellular rejection. We quantified the proportion of
Treg, CD4+ Tconv, and CD8+ Tcells proliferating in response to donor-derived, stimulated B cells. We used generalized estimating
equation-adjusted regression to compare donor-reactive T-cell frequencies with acute cellular rejection pathology. Results. An
average of 16.5 ± 9.0% of pretransplantation peripheral blood mononuclear cell Treg cell were donor-reactive, compared with
3.8% ± 2.9% of CD4+ Tconv and 3.4 ± 2.6% of CD8+ T cells. These values were largely unchanged after transplantation.
Donor-reactive CD4+ Tconv and CD8+ T-cell frequencies both increased 1.5-fold (95% confidence interval [95% CI], 1.3-1.6;
P < 0.001 and 95% CI, 1.2-1.6; P = 0.007, respectively) during grade A2 rejection compared with no rejection. Surprisingly,
donor-reactive Treg frequencies increased by 1.7-fold (95%CI, 1.4-1.8;P < 0.001).Conclusions.Contrary to prediction, overall
proportions of donor-reactive Treg cells are similar before and after transplantation and increase during grade A2 rejection. This
suggests how A2 rejection can be self-limiting. The observed increases over high baseline proportions in donor-reactive Treg were
insufficient to prevent acute lung allograft rejection.

(Transplantation 2016;00: 00–00)
A lthough lung transplantation may be lifesaving for
some patients with end-stage lung disease, median sur-

vival after lung transplantation is only 5 to 6 years.1 Chronic
rejection is considered to be the major barrier to long-term
survival after transplantation. Acute cellular rejection, in
addition to causing morbidity directly, can contribute to
development of chronic rejection pathology.2 To identify
subclinical acute cellular rejection, some transplantation
centers, including ours, have allograft surveillance protocols
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that include bronchoscopywith transbronchial biopsies.3 Im-
proved understanding of donor-reactive immune responses
during acute cellular rejection may lead to better treatments
to improve survival after lung transplantation.

Regulatory T (Treg) cells are a subpopulation of lympho-
cytes that maintain tolerance to self-antigens and diminish
inflammation by suppressing conventional nonregulatory
CD4+ (Tconv) and CD8+ T cells. In a murine model of lung
transplantation, Treg depletion led to a three-fold increase
Q.T. is listed as an inventor on 2 patents on regulatory T cell therapy. The authors
have no other conflicts of interest to disclose. Immunosuppressant medications
are used “off label” in lung transplantation.

J.R.G., G.H.C., Q.T. conceived the project, designed, and developed assays. R.R.
analyzed data on HLA mismatching and DSAs. J.R.G., C.M.W., R.A., A.S.W.,
C.U., and P.J.W. collected samples and performed the assays. All authors
contributed to reviewing and editing the article.

Correspondence: John Greenland, MD, PhD, San Francisco VA Medical Center, Mail
stop 111D, 4150 Clement St, San Francisco, CA 94121. (john.greenland@ucsf.edu).

Supplemental digital content (SDC) is available for this article. Direct URL citations
appear in the printed text, and links to the digital files are provided in the HTML
text of this article on the journal’s Web site (www.transplantjournal.com).

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.

ISSN: 0041-1337/16/0000-00

DOI: 10.1097/TP.0000000000001191

www.transplantjournal.com 1

horized reproduction of this article is prohibited.

mailto:john.greenland@ucsf.edu
http://www.transplantjournal.com


2 Transplantation ■ Month 2016 ■ Volume 00 ■ Number 00 www.transplantjournal.com
in rejection pathology.4 Moreover, Treg cell supplementa-
tion prevented rejection of heart and skin allografts in
mixed chimerism models.5 In a mouse lung transplantation
model, CD40 ligand blockade increased the Treg-Tconv
ratio and prevented acute cellular rejection.6 Finally, de-
pletion of donor-reactive T cells followed by infusion of
donor-specific Treg can induce tolerance ofmouse pancreatic
islet allografts.7 Although these data suggest that Treg defi-
cits enhance acute cellular rejection in mice, the data from
humans are less clear. A study of 18 lung transplant recipi-
ents reported a trend toward decreased peripheral blood
mononuclear cell (PBMC)-derived Treg frequency at 3months
in subjects with diminished lung function.8 However, a study
of 27 subjects found no correlation between PBMC Treg fre-
quency and risk of acute lung allograft rejection.9 In-
creased Treg frequencies in bronchoalveolar lavage (BAL)
fluid and transbronchial biopsy tissue have been associated
with acute cellular rejection10,11 and increased Treg cell fre-
quencies have been found in endomyocardial biopsies before
the development of acute cardiac allograft rejection.12 Fur-
ther, studies to date have evaluated total rather than donor-
reactive subsets of Treg, leaving the association between
acute rejection and systemic donor-reactive Treg undefined.

The recent development of therapeutic methods to manip-
ulate Treg cell frequencies in humans further motivates the
quantification of T-cell subsets, because the dose of donor-
reactive Treg cell required to alter an immune response will
depend on Treg cell frequency at baseline and during re-
jection. Donor-reactive Treg harvested from an allograft
recipient can be expanded ex vivo and returned to the pa-
tient, as in multiple trials aimed at achieving solid organ
transplant tolerance.13

Extrapolating from amodel where a balance between Treg
and non-Treg cells determines acceptance of the lung allo-
graft, we hypothesized that donor-reactive CD4+ Tconv and
CD8+ Tcell proportions diminish over time after transplanta-
tion whereas donor-reactive Treg proportions increase, as
might be expected with development of partial allograft tol-
erance. Conversely, we hypothesized that CD4+ Tconv and
CD8+ T cell proportions increase but Treg proportions de-
crease during acute cellular rejection.
MATERIALS AND METHODS

Study Participants
The University of California, San Francisco Committee

(UCSF) on Human Research approved this study under pro-
tocols 12-08767 and 13-10738. Adults older than 18 years
who underwent lung transplantation between July 2012
and July 2014 at UCSF were evaluated for inclusion in this
study. Subjects were excluded who had undergone previous
organ transplantation or inwhomdonor PBMCor spleen tis-
sue could not be obtained at the time of transplantation. Par-
ticipant data were managed using RedCAP.14

Clinical Procedures
As part of routine clinical care, surveillance bronchoscopy

procedures, including BAL and transbronchial and endobron-
chial biopsies, were performed 0.5, 1, 2, 3, 6, and 12 months
after transplantation as well as for clinical indications, such
as symptoms of rejection or a decline in forced expiratory
volume in 1 second. Transbronchial biopsies generally were
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
obtained from lower lobe segments, and histopathology
was interpreted and graded primarily by 1 pathologist using
International Society for Heart and Lung Transplantation
(ISHLT) criteria,15 as previously described.16 The institu-
tional practice is to treat grade A2 or higher acute cellular re-
jection detected within the first 6 months with 500 mg of
intravenous methylprednisolone for 3 days, followed by a ta-
pering course of oral prednisone. In the absence of symptoms
or other clinical findings, high-dose corticosteroids are not
prescribed for grades A1 or A2 rejection detected more than
6 months after transplantation. However, the doses of
chronic immunosuppressive medications (typically predni-
sone, tacrolimus, and mycophenolate mofetil) may be in-
creased and the biopsy repeated in 4 weeks.

Donor-specific antibodies (DSA) were measured by single
HLA antigen bead-based Luminex assay. A subject was con-
sidered positive for DSA based on the presence of antibody of
mean fluorescence intensity greater than 1000, even if the an-
tibody became undetectable in subsequent measurements.

Infection was considered present when clinical laborato-
ries cultured at least a moderate quantity of pathogenic fungi
or bacteria from BAL fluid or identified a viral infection via
polymerase chain reactions. Microbiologic culture results
demonstrating oropharyngeal flora or Penicillium species
were not considered to be pathogenic.

Allogenic Stimulated B Cells
Stimulated B cells were generated by 13 days or longer cul-

tureof splenocytesorPBMCwith IL-4asaB-cell growthfactor,
and irradiated,CD40ligand-expressingK562cells toactivateB
cells by engaging CD40. Cyclosporine Awas added to the cul-
ture from day 0 to day 4 to inhibit T-cell proliferation.17

Third-party sBc were derived from a single subject who did
not undergo transplantation. StimulatedB cellswere irradiated
at 3900 rads before use inmixed lymphocyte assays.

Alloreactive T-Cell Frequency Assay
Before induction immunosuppression, bloodwas collected

in acid-citrate dextrose tubes (364606; BD Biosciences, San
Jose, CA) from study participants from an arterial line placed
for the lung transplant procedure. After transplantation,
blood was collected during placement of a peripheral intra-
venous catheter before bronchoscopy procedures where
transbronchial biopsies were anticipated. Peripheral blood
mononuclear cell isolated by Ficoll gradient (17-1440-03;
GE Healthcare, Pittsburg, PA) were stored in 10% di-
methylsulfoxide in fetal calf serum in liquid N2.

Assayswere performed on specimens from1 to 2 subjects at
a time once samples from all time points had been obtained.
Previously frozen PBMC were thawed, rested overnight, and
then labeled by incubating with 1.25 μM carboxyfluorescein
diacetate succinimidyl ester (CFSE, V12883; Life Technolo-
gies, Grand Island, NY) in cold phosphate-buffered saline for
5 minutes before quenching with fetal calf serum. For each
sBc/responder combination, 150 000 irradiated sBcwere added
to each of 3 wells of a 96-well round-bottom plate (Nunc
163320; Thermo Scientific, Waltham, MA) containing 75 000
CFSE-labeled PBMC in a total volume of 250 μL of assay me-
dium, which contained Roswell ParkMemorial Institute-1640
media with GlutaMAX (Gibco 61870-127; Life Technolo-
gies), nonessential amino acids, sodium pyruvate, penicillin/
streptomycin and 10% human AB serum. Anti-CD3 (555336;
thorized reproduction of this article is prohibited.
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BD Biosciences) and anti-CD28 (555725; BD Biosciences) at
2.5 μg/mL were used as positive controls.17

After 96 hours of culture, cells were harvested and treated
with human IgG and eFluor 506 viability dye (65-0866;
eBioscience, San Diego, CA) before staining with peridinin
chlorophyll protein complex (PerCP) anti-CD3 (347344,
BD Biosciences), R-phycoerythrin (PE)-Cy7 anti-CD4,
allophycocyanin (APC)-Cy7 anti-CD8 (348793, BD Biosci-
ences), and v450 anti-CD25 (561257, BD Biosciences). After
permeabilizing with forkhead box P3 (Foxp3) Staining Buffer
Set (00-5523; eBioscience), cells were stained with APC anti-
FOXP3 (7-4776-42; eBioscience) and PE anti-HELIOS
(137216; BioLegend, San Diego, CA). CFSE intensity was
determined using a 10-color Navios flow cytometer (Beckman
Coulter, Brea, CA), using the gating strategy shown in Figure S1
(SDC, http://links.lww.com/TP/B259). To quantify fluores-
cence intensity, cells were counted across 7 two-fold dilution
gates using cutoff values spaced at 28 ln 2/ln 10 relative fluo-
rescence intensity units (because theNavios cytometer encodes
each 10-fold change in intensity with 8-bits). To control for
variability in CFSE labeling, these dilution cutoffs were set
such that for the media alone controls, just less than 1% of
cells were in the first dilution gate, which is labeled C2 in
Figure S1E (SDC, http://links.lww.com/TP/B259). For a given
distribution of cell counts C in n sequential peaks of increasing
CSFE dilution, the alloreactive T-cell frequency was calculated

as ∑7
n¼1

Cn

2n
=∑7

n¼0
Cn

2n
, as previously described.18

Treg Cell Depletion
Peripheral blood mononuclear cell were labeled with PE

anti-CD127 (557938; BD Biosciences), PE-Cy7 anti-CD4
(557852; BD Biosciences), and APC anti-CD25 (561399;
BD Biosciences) and sorted using a BD Biosciences FACSAria
IIIu into CD4+CD127low/−CD25+Treg, non-Treg lymphocytes,
and monocytes. The sorted cell populations were recombined
to preserve original proportions, except that medium was
substituted for Treg cell in the Treg-depleted group. Cells rested
overnight before labeling and stimulation with sBc as described
above.

Statistical Analyses
Statistical analyses were performed in R (version 2.14.1,

using the “gee” library) and in GraphPad Prism (version
6.0f ). Correlations between assay results were determined
using Pearson product-moment correlation. For the primary
analysis, we tested a generalized estimating equation (GEE)-
adjusted linear regression model comparing alloreactive T-cell
frequencies according to the stage of rejection. Adjusted anal-
ysis included the presence of concurrent infection, the number
of HLA mismatches, and weeks posttransplantation. GEEs
were used to account for multiple observations within a single
subject.16 Robust variance estimates were used for inference.
Data are presented as mean values ± standard deviation.
RESULTS
Treg in unstimulated PBMC can be identified within the

CD4+ T-cell population by the expression of CD25 and the
low expression of CD127, as shown in Figure 1A, or by
the expression of FOXP3. However, quantification of Treg
cell after T-cell activation is complicated by the observation
that CD4+ Tconv and CD8+ T cells upregulate CD25 and
Copyright © 2016 Wolters Kluwer Health, Inc. Unaut
FOXP3 expression after stimulation, as can be seen with
the sBc-stimulated, Treg-depleted cells in Figures 1B and
C. We found that the combination of FOXP3 and HELIOS
markers more specifically distinguish Treg cell from acti-
vated CD4+ Tconv. Depletion of CD127low/−CD25+ Treg
cell from unstimulated PBMC before coculture with sBc re-
moved FOXP3 and HELIOS double-positive cells after co-
culture (Figure 1D), and this population returned when
CD25+CD127low/− Treg were added back proportionally
before coculture (Figure 1E). Regulatory T cell depletion
before sBc stimulation reduced the FOXP3 and HELIOS
double-positive population from a median of 3.5% in
added-back groups to 0.2% in depleted groups (P = 0.01
by paired t test). This demonstrates that FOXP3 and HE-
LIOS together can be used to identify Treg cell after T-cell
stimulation. Importantly, Treg cell presence did not affect
observed frequency of reactive CD4+ Tconv (Figure 1G)
or CD8+ T cells (Figure 1H). This finding suggests that the
presence of Treg cell in coculture does not falsely lower the
estimation of non-Treg alloreactive T cell frequencies.

To assess the specificity of this method of determining
donor-reactive T-cell frequencies, we compared the propor-
tion of cells that proliferate after stimulation with recipient,
donor, or third-party sBc, and with a combination of anti-
CD3 and anti-CD28 antibodies. Third-party sBcs came from
a single subject that was mismatched at a minimum of 3 class
I and 3 class II loci (median, 5 and 4, respectively) from both
donors and recipients. As expected, lymphocytes did not
proliferate in response to self-antigens, consistent with
clonal deletion of autoreactive T cells (Figure 2A). How-
ever, unmatched PBMC proliferated in response to recipi-
ent sBc (data not shown). Less than 100% proliferation
was also seen for control cells derived from healthy sub-
jects. Thus, the finding of precursor frequencies less than
100% after 96-hour stimulation with anti-CD3 and anti-
CD28 antibodies may reflect cell toxicity from overstimu-
lation, an analytic artifact from downregulation of CD3,
or reduced responsiveness of transplant recipient cells.
T-cell responses to donor and third-party alloantigens
were strongly correlated (Figure 2B), with Pearson correla-
tion coefficients of 0.80 (95% confidence interval [95%
CI], 0.75-0.84) for CD8 T cells, 0.77 (0.71-0.82) for
CD4+ Tconv, and 0.72 (0.65-0.78) for Treg cell. The asso-
ciation between responses to donor and third-party alloan-
tigens remained significant for all 3 cell types after
adjusting for the number of MHC class mismatches be-
tween recipient cells and the third-party sBc (P < 0.001).

We previously reported that alloreactive T-cell frequencies
increase with greater numbers of cognate HLA-locus mis-
matches using this assay.17 As shown in Table 1, lung donors
and recipients had a high degree of mismatching acrossHLA-
A, -B, -C, -DR, -DQ, and -DP. We observed a weak associa-
tion between MHC class II HLA mismatches and CD4+

Tconv alloreactive T-cell frequencies (Figure 2D, P = 0.04),
but not for MHC class I HLA mismatches and CD8 or MHC
class II HLAmismatches and Treg (Figures 2C and E). Similar
associations were observed between alloreactive T-cell fre-
quencies and total MHC mismatches (see Figure S2, SDC,
http://links.lww.com/TP/B259).

We used this assay to examine the natural history of
donor-specific T cells posttransplant and as a correlate of
acute cellular rejection in a single-center cohort of lung
horized reproduction of this article is prohibited.
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FIGURE 1. Quantification of alloreactive Treg with FOXP3 and HELIOS after sBc co-culture. A, CD4+CD25+CD127low/− Treg were separated
from unstimulated PBMC by fluorescence-activated cell sorting. CD25 (B) and FOXP3 (C) expression is upregulated in Treg cell-depleted Tcells
after coculture with sBc. Alloreactive Tcells also proliferate in response to sBc stimulation, resulting in decreased CFSE concentration. CFSElow

cells are in grey. D-F, Treg depletion by fluorescence-activated cell sorting before coculture resulted in a 10-fold (interquartile range, 5-15) me-
dian decrease in FOXP3 and HELIOS double-positive T cells after sBc stimulation, as compared with control samples, which Treg cells were
added back proportionally. T regulatory cell depletion did not affect alloreactive T-cell frequency for CD8+ Tcells (G) or CD4+ Tconv (H), when
compared by paired t tests. Data shown were pooled from 3 experiments.
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transplant recipients. As shown in Table 1, the indications for
lung transplantation differed slightly from those in published
ISHLT registry data19 in that our study population contained
fewer subjects transplanted for cystic fibrosis or chronic ob-
structive pulmonary disease (COPD) and more transplanted
for pulmonary fibrosis, including 3 with hypersensitivity
pneumonitis.20 These differences reflect that UCSF is a refer-
ral center for interstitial lung diseases. Bilateral lung trans-
plantation was also more common in the study population
compared with ISHLT registry populations as a whole, al-
though the frequency of double-lung transplantation has
been increasing among ISHLT registry participants.
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
As shown in Figure 3, the proportion of T cells proliferat-
ing in response to donor antigens before transplantation
(week 0) was substantial. On average, 16.5 ± 9.0% of Treg,
3.8 ± 2.9% of CD4+ Tconv, and 3.4 ± 2.6% of CD8+ T cells
proliferated in response to donor sBc. To assess the hypothesis
that donor-reactive CD4+ Tconv and CD8+ T-cell frequency
decreases after exposure to the donor lung, we assessed
donor-reactive lymphocyte frequency as a function of weeks
after transplantation (Figure 3). A negative correlation would
suggest immunosuppression or tolerance, whereas positive
correlation would suggest sensitization. However, we did not
observe a significant relationship between donor-reactive
thorized reproduction of this article is prohibited.



FIGURE 2. Alloreactive T-cell frequencies as a function of donor-recipient HLAmismatching. A, The percentage of CD8+, CD4+ Tconv, or Treg
cells that proliferate in response to stimulation with recipient sBc, donor sBc, third-party sBc, or anti-CD3 and anti-CD28 antibody stimulation
are shown after subtracting response to medium alone. Data represent 45 time points from the 6 subjects for whom recipient sBc were gen-
erated. B, The percentage of T cells proliferating in response to third-party sBc is shown versus the percentage responding to donor sBc.
Pretransplant donor-reactive CD8+ T cell versus the number of HLA-A, B, and C donor-recipient mismatches are shown in (C). CD4+ Tconv
(D), and Treg (E) frequencies are plotted against the sum of donor and recipient mismatches at the HLA-DR, DQ, and DP loci. The P value
for a slope of zero by linear regression (F test) is shown.

© 2016 Wolters Kluwer Greenland et al 5
Treg, CD4+ Tconv, or CD8+ T-cell frequencies and the time af-
ter transplantation, as assessed by GEE-adjusted regression
(P≥ 0.28). Rather, the alloreactive T-cell population remained
relatively constant after transplantation. There was a 20% de-
crease in donor-reactive Treg frequency between the
pretransplant sample and the first sample within 1-month
posttransplant as assessed by paired t test (N = 39, P = 0.02).
TABLE 1.

Subject characteristics

N %

No. subjects 39
Age at transplant (median, IQR) 61 [53–66]
Male sex 22 56%

Indication
Idiopathic pulmonary fibrosis 13 33.3%
Other fibrosis 9 23.1%
COPD 6 15.4%
Cystic fibrosis 3 7.7%
Other 8 20.5%

Induction
Basiliximab 35 90%
Antithymocyte globulin 4 10%

Transplant type
Single lung 4 10%
Double lung 35 90%

IQR, interquartile range.

Copyright © 2016 Wolters Kluwer Health, Inc. Unaut
When limited to subjects receiving basiliximab induction, this
decrease was only 16% (N = 35, P = 0.05).21

An association between peripheral blood cellular immune re-
sponses and antibody responsesmight reflect shared susceptibil-
ity to sensitization. Accordingly, we tested for an association
between peripheral blood donor-reactive T cells and develop-
ment of DSA before or after transplantation (Figure 4). We did
N %

MHC mismatches (median, IQR)
Class I 5 [4–5]
Class II 5 [3–6.25]
Total 9 [8–11]

Immunosuppression
Prednisone 39 100%
Tacrolimus 33 85%

Sirolimus ± low-dose tacrolimus 6 15%
Mycophenolic acid 26 67%

Bronchoscopic evaluations
Per subject (median, IQR) 5 [4,5]

A0 139
A1 22
A2 16

horized reproduction of this article is prohibited.



FIGURE 3. Donor-reactive T-cell frequency over time. Proportions of
(A) CD8+, (B) CD4+ Tconv, and (C) Treg cells reactive to donor sBc are
shownbyweekposttransplantation usingTukeyboxandwhiskersplots.
The number of subjects included per time point (N) is shownbelow.

FIGURE 4. Pretransplant donor-reactive T-cell frequencies in recipi-
ents with and without donor-specific antibody (DSA) responses. The
frequency of (A) CD8+, (B) CD4+ Tconv and (C) Treg cells reactive to
donor sBc before transplantation are shown stratified by the pres-
ence of at least 1 DSA (of mean fluorescence intensity > 1000)
pretransplant (circles) and by the development of de novo DSA after
transplantation (squares). Student t tests were used to compare DSA
and no DSA groups.

TABLE 2.

Acute cellular rejection episodes and treatment

A1 A2

N (%) N (%)

Total occurrences 22 (100) 16 (100)
Observed during surveillance 19 (86) 13 (81)
Concurrent symptoms of rejection 2 (9) 4 (25)
Treated with high-dose corticosteroids 0 (0) 11 (69)
Augmented immunosuppression only 0 (0) 3 (19)
Decreased rejection grade on follow up 17 (77) 15 (94)
Weeks posttransplant (median, IQR) 10 [5-12] 12 [4-26]
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not observe a difference between pretransplant donor-reactive
T-cell frequencies and thedevelopmentofdenovoDSA. Interest-
ingly, we did observe an increase in the frequency of Treg cell at
the time of transplantation in subjects who had hadDSA before
transplantation compared with those who did not (25% vs
16%, unadjustedP = 0.03).

We also tested the association between donor-reactive
T-cell frequencies and acute cellular rejection across the 38 re-
jection episodes observed during the study period (Table 2).
Consistent with our hypothesis, donor-reactive CD4+ Tconv
increased 1.5-fold (95% CI, 1.3-fold to 1.6-fold; P < 0.001)
and CD8+ T cells 1.5-fold (95% CI, 1.2-fold to 1.6-fold;
P = 0.007) during A2 rejection (Figure 5). Interestingly, we
found that Treg frequency actually increased 1.7-fold (95%
CI 1.4-fold to 1.8-fold, P < 0.001) during A2 rejection. At
the time of A1 rejection, there was a trend toward increased
Treg cell frequency (P = 0.09) but no significant change in
donor-reactive CD4+ Tconv or CD8+ T-cell frequency. We
also observed a trend toward increased donor-reactive Treg
in PBMC samples obtained at the time of the bronchoscopy
procedure before the development of A2 rejection, consistent
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
with findings in cardiac allograft rejection.12 Before A2 rejec-
tion, we observed an increase in donor-reactive Treg cell of
1.5-fold (95% CI, 1.0-fold to 2.1-fold; P = 0.06). There was
thorized reproduction of this article is prohibited.



FIGURE 5. Association between donor-reactive T-cell frequency and acute cellular rejection grade. Average frequencies of recipient (A) CD8+,
(B) CD4+ Tconv, and (C) Treg reactive to donor sBc are shown, stratified by concurrent transbronchial biopsy A-score for 139 A0, 22 A1, and 16
A2 samples. Error bars representing standard deviations and P values were adjusted using generalized estimating equations.

© 2016 Wolters Kluwer Greenland et al 7
no association between acute lymphocytic bronchiolitis, as
assessed by B-score, and donor-reactive T-cell frequencies
(P ≥ 0.51).

Donor-reactive T cell frequencies over time for 4 sub-
jects with grade A2 acute cellular rejection are shown in
Figure S3 (SDC, http://links.lww.com/TP/B259). These plots
show that donor-reactive Treg and CD4+ Tconv frequencies
increased over subject baselines for most but not all episodes
of acute cellular rejection. A high CD4+ Tconv relative to
Treg response was seen in 1 subject with recurrent acute cel-
lular rejection.

Potential confounders include (1) the number of cognate
donor-recipient HLA mismatches, (2) effects of concurrent
infection on heterologous immune responses, and (3) reduc-
tion of doses of immunosuppressive medications over time
after transplantation per clinical protocols. To assess for con-
tributions of these potential confounders, we performed an
adjusted analysis that included the presence of HLA
mismatching, concurrent infection, and time posttransplan-
tation as covariates in the regression model. After adjust-
ment, donor-reactive CD4+ Tconv increased 2.1-fold (95%
CI, 1.2-fold to 3.0-fold; P = 0.02), CD8+ T cells increased
by 1.5-fold (95% CI, 0.8-fold to 2.3-fold; P = 0.15) and
Treg cell increased 2.5-fold (95% CI, 1.7-fold to 3.3-fold,
P < 0.001) during A2 rejection. Therefore, adjustment for
HLAmismatching, infections, and time from transplantation
did not substantially affect the results.
DISCUSSION
The findings reported here are the first to document the

natural history of donor-reactive T cell subtypes after lung
transplantation. Consistent with our hypothesis, donor-
reactive CD4+ Tconv and CD8+ T-cell frequency increased
in peripheral blood during grade A2 acute cellular rejection.
Surprisingly, donor-reactive Treg cell frequency also increased
during grade A2 rejection proportionate to the increase in
non-Treg cell frequency, yet was either insufficiently robust
or too late to prevent the observed pathology.

Consistent with results of studies in mice, alloreactive
T-cell frequencies before lung transplantation were high rela-
tive to the magnitude of immune responses to infections.22

Our observation that alloreactive T-cell frequencies were
higher for Treg cell than that for CD4+ Tconv or CD8+ Tcells
is consistent with in vitro allogeneic and xenogeneic responses
Copyright © 2016 Wolters Kluwer Health, Inc. Unaut
of PBMC populations derived from untransplanted donors.23

A substantial decrease in the total CD25+ Treg cell popula-
tion has been reported after basiliximab induction,24 but
much of this apparent decrease may reflect downregulation
of CD25 expression.25,26 Here, we observed only a small de-
crease in thedonor-reactiveTregpopulationafterbasiliximabin-
duction, consistent with the theory that this medication
minimally affects Treg function. After liver transplantation,
donor-reactive lymphocytes are clonally deleted, resulting
in tolerance,27 but we found no evidence of donor-reactive
lymphocyte deletion after lung transplantation. This discrep-
ancy may help explain the dramatic differences in chronic re-
jection observed after these 2 procedures.

The concordance between donor- and third party–reactive
T-cell frequencies may represent overlap between HLA anti-
gens between donor and third-party populations or reflect
cross-reactivity of alloreactive T-cell populations, as has been
reported.28 Alloreactivity may also depend on the activation
state of the responder cells. The finding that third-party sBc
can be used as stimulatory cells is fortuitous, as it suggests
that we may forego the labor-intensive process of creating
donor-specific sBcanduse third-party cells toassayalloreactive
T-cell population frequency. Such a strategy has been used in
kidneytransplant recipients todevelopapanelof reactiveTcells
assay, analogous to panel-reactive antibody testing.29

The optimal management of low-grade acute cellular rejec-
tion detected on surveillance bronchoscopy is controversial.
Some practitioners advocate for treatment of asymptomatic
low-grade acute cellular rejection with high-dose corticoste-
roids,30 based on the observation that a single episode of grade
A1 rejection confers increased risk for chronic lung allograft
dysfunction31 and that grade A1 rejection may progress to
more severe rejection if untreated.32 On the other hand, many
transplant centers do not treat grade A1 or even grade A2 re-
jection with high doses of corticosteroids in the absence of
symptoms or other clinical findings,33 and 1 study found no
benefit of performing surveillance bronchoscopic biopsies in
individuals lacking symptoms to suggest rejection or infec-
tion.34 High Treg cell frequencies during acute cellular rejec-
tion are consistent with a self-limiting process. However,
because rejection improved in 90% of the cases, this study
was not powered to assess whether low Treg cell frequencies
predict persistence of rejection.

These data demonstrate the utility of HELIOS in combina-
tion with FOXP3 for distinguishing Treg cell from activated
horized reproduction of this article is prohibited.
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effector T cells after in vitro stimulation. Although CD4+

Tconv cells upregulate HELIOS or FOXP3 after stimula-
tion,35 the double-positive population derived from cells that
were CD4+CD25+CD127low/− before stimulation. However,
the extent that HELIOS− Treg cells are classified as CD4+

Tconv by this assay is unknown. AlthoughHELIOSwas pro-
posed as a marker of thymic-derived natural Treg cell, in-
duced and natural Treg cells lacking HELIOS expression
have been reported,36 and more recent data suggest that HE-
LIOS is a marker for Treg stability.37

This study has limitations. The observed high frequencies
of alloreactive T cells partially result from an assay that de-
pends on cell proliferation in mixed culture rather than on ef-
fector function. It is likely that lower frequencies would be
seen with Elispot or limiting dilution assays. At the same
time, this assay may not measure the immune response to
all relevant graft-specific antigens. Although Treg cells that
are specific for alloantigens presented directly by allogenic
dendritic cells predominate over those specific for antigens
presented indirectly by self-dendritic cells,38 assays using
HLA-mismatched sBcs do not assay potential roles or impor-
tance of indirect allorecognition and presentation of self-
antigens. The diagnosis of acute cellular rejection by
transbronchial biopsy is hampered by sampling error and
low interobserver reliability.39 However, these sources of
variation would bias our findings toward the null. Because
none of the subjects enrolled in this study experienced grade
A3 or grade A4 rejection, it is unclear what changes in donor-
reactive T cells would occur in the setting of these much less
common higher grades of rejection. In the present form, the
overlap between alloreactive T-cell frequencies at the time
of rejection, and no rejection is large enough that this assay
would likely not add much certainty to biopsy-based methods
of diagnosing acute cellular rejection. Also, although a high
frequency of Treg cell may be the most sensitive predictor of
acute cellular rejection, it is possible that rare lung transplant
recipients with low Treg cell frequencies in the setting of acute
cellular rejection could be at highest risk of refractory acute
cellular rejection and chronic lung allograft dysfunction. In
support of this theory, potent Treg cell responses during acute
rejection of renal allografts predicted resolution.40 Long-term
follow-up will be needed to assess outcomes, such as chronic
rejection and survival.

In summary, we found that frequencies of donor-reactive
T cells, including Treg cell, increase during acute cellular rejec-
tion. In contrast to results reported after liver transplantation,
our study did not detect clonal deletion of donor-reactive
T cells after lung transplantation.27 Prospective studies will
be needed to determine whether innate or induced increases
in the ratio of donor-reactive Treg cell to non-Treg cell can re-
duce the risk of chronic lung allograft dysfunction.

ACKNOWLEDGMENTS
The authors thank the research subjects who participated in
this study; Monica Dean, Jill Obata, and Kerry Kumar for help
with recruiting subjects; as well as Edelyn Bautista, Charlene
Fong, Fredde Foster, Mary Heindel, Irene Junejo, Karen Neun,
Linda Nicola, and Anna Volfson for help with phlebotomy.

REFERENCES
1. Yusen RD, Edwards LB, Kucheryavaya AY, et al. The registry of the Inter-

national Society for Heart and Lung Transplantation: thirty-first adult lung
Copyright © 2016 Wolters Kluwer Health, Inc. Unau
and heart-lung transplant report—2014; focus theme: retransplantation.
J Heart Lung Transplant. 2014;33:1009–1024.

2. McManigle W, Pavlisko EN, Martinu T. Acute cellular and antibody-
mediated allograft rejection. Semin Respir Crit Care Med. 2013;34:
320–335.

3. Levine SM. A survey of clinical practice of lung transplantation in North
America. Chest. 2004;125:1224–1238.

4. Tiriveedhi V, Takenaka M, Ramachandran S, et al. T regulatory cells play a
significant role in modulatingMHC class I antibody-induced obliterative air-
way disease. Am J Transplant. 2012;12:2663–2674.

5. Pilat N, Farkas AM, Mahr B, et al. T-regulatory cell treatment prevents
chronic rejection of heart allografts in a murine mixed chimerism model.
J Heart Lung Transplant. 2014;33:429–437.

6. Dodd-o JM, Lendermon EA, Miller HL, et al. CD154 blockade abro-
gates allospecific responses and enhances CD4(+) regulatory T-cells
in mouse orthotopic lung transplant. Am J Transplant. 2011;11:
1815–1824.

7. Lee K, Nguyen V, LeeKM, et al. Attenuation of donor-reactive Tcells allows
effective control of allograft rejection using regulatory T cell therapy. Am J
Transplant. 2014;14:27–38.

8. Nakagiri T, Warnecke G, Avsar M, et al. Lung function early after lung
transplantation is correlated with the frequency of regulatory T cells. Surg
Today. 2012;42:250–258.

9. San Segundo D, Ballesteros MÁ, Naranjo S, et al. Increased numbers of
circulating CD8 effector memory T cells before transplantation enhance
the risk of acute rejection in lung transplant recipients. PLoS One. 2013;
8:e80601.

10. Greenland JR, Jewell NP, Gottschall M, et al. Bronchoalveolar lavage cell
immunophenotyping facilitates diagnosis of lung allograft rejection. Am J
Transplant. 2014;14:831–840.

11. Krustrup D, Madsen CB, Iversen M, et al. The number of regulatory Tcells
in transbronchial lung allograft biopsies is related to FoxP3mRNA levels in
bronchoalveolar lavage fluid and to the degree of acute cellular rejection.
Transpl Immunol. 2013;29:71–75.

12. Boer K, Caliskan K, Peeters AM, et al. Thymus-derived regulatory T cells
infiltrate the cardiac allograft before rejection. Transplantation. 2015;99:
1839–1846.

13. Tang Q, Bluestone JA. Regulatory T-cell therapy in transplantation:
moving to the clinic. Cold Spring Harb Perspect Med. 2013;3. pii:
a015552.

14. Harris PA, Taylor R, Thielke R, et al. Research electronic data capture
(REDCap)—a metadata-driven methodology and workflow process for
providing translational research informatics support. J Biomed Inform.
2009;42:377–381.

15. Stewart S, Fishbein MC, Snell GI, et al. Revision of the 1996 working for-
mulation for the standardization of nomenclature in the diagnosis of lung
rejection. J Heart Lung Transplant. 2007;26:1229–1242.

16. Greenland JR, Jones KD, Hays SR, et al. Association of large-airway lym-
phocytic bronchitis with bronchiolitis obliterans syndrome. Am J Respir
Crit Care Med. 2013;187:417–423.

17. Putnam AL, Safinia N,Medvec A, et al. Clinical grademanufacturing of hu-
man alloantigen-reactive regulatory Tcells for use in transplantation. Am J
Transplant. 2013;13:3010–3020.

18. NoorchashmH, Lieu YK, Rostami SY, et al. A direct method for the calcu-
lation of alloreactive CD4+ T cell precursor frequency. Transplantation.
1999;67:1281–1284.

19. Christie JD, Edwards LB, Kucheryavaya AY, et al. The Registry of the Inter-
national Society for Heart and Lung Transplantation: twenty-ninth official
adult heart transplant report-2012. J Heart Lung Transplant. 2012;31:
1073–1086.

20. Yusen RD, Christie JD, Edwards LB, et al. The Registry of the International
Society for Heart and Lung Transplantation: thirtieth adult lung and heart-
lung transplant report—2013; focus theme: age. J Heart Lung Transplant.
2013;32:965–978.

21. Greenland J, Wong C, Ahuja R, et al. Depletion of donor-reactive regula-
tory Tcells following induction with basiliximab. Am Thor Soc Int Conf Ab-
stracts. 2015:A1444.

22. Suchin EJ, Langmuir PB, Palmer E, et al. Quantifying the frequency of
alloreactive T cells in vivo: new answers to an old question. J Immunol.
2001;166:973–981.

23. Lin YJ, Hara H, Tai HC, et al. Suppressive efficacy and proliferative capac-
ity of human regulatory T cells in allogeneic and xenogeneic responses.
Transplantation. 2008;86:1452–1462.

24. Krystufkova E, Sekerkova A, Striz I, et al. Regulatory Tcells in kidney trans-
plant recipients: the effect of induction immunosuppression therapy.
Nephrol Dial Transplant. 2012;27:2576–2582.
thorized reproduction of this article is prohibited.



© 2016 Wolters Kluwer Greenland et al 9
25. Vondran FW, Timrott K, Tross J, et al. Impact of Basiliximab on regulatory
T-cells early after kidney transplantation: down-regulation of CD25 by re-
ceptor modulation. Transpl Int. 2010;23:514–523.

26. Bluestone JA, Liu W, Yabu JM, et al. The effect of costimulatory and inter-
leukin 2 receptor blockade on regulatory T cells in renal transplantation.
Am J Transplant. 2008;8:2086–2096.

27. Kamada N, Shinomiya T. Clonal deletion as the mechanism of abrogation
of immunological memory following liver grafting in rats. Immunology.
1985;55:85–90.

28. Antczak DF, Howard JC. Analysis of lymphocytes reactive to histocompatibility
antigens. III. Detection of inclusion among allo-reactive lymphocyte populations
by specific depletion of reactive cells. Cell Immunol. 1979;46:119–126.

29. Poggio ED, Augustine JJ, Clemente M, et al. Pretransplant cellular
alloimmunity as assessed by a panel of reactive T cells assay correlates
with acute renal graft rejection. Transplantation. 2007;83:847–852.

30. Martinu T, Chen DF, Palmer SM. Acute rejection and humoral sensitization
in lung transplant recipients. Proc Am Thorac Soc. 2009;6:54–65.

31. Hachem RR, Khalifah AP, Chakinala MM, et al. The significance of a single
episode of minimal acute rejection after lung transplantation. Transplanta-
tion. 2005;80:1406–1413.

32. De Hoyos A, Chamberlain D, Schvartzman R, et al. Prospective assess-
ment of a standardized pathologic grading system for acute rejection in
lung transplantation. Chest. 1993;103:1813–1818.
Copyright © 2016 Wolters Kluwer Health, Inc. Unaut
33. Pilewski J. Evaluation and treatment of acute lung transplant rejection.
http://www.uptodate.com/. Updated November 7th, 2014. Accessed
October 27th, 2015.

34. Valentine VG, Gupta MR, Weill D, et al. Single-institution study evaluating
the utility of surveillance bronchoscopy after lung transplantation. J Heart
Lung Transplant. 2009;28:14–20.

35. Akimova T, Beier UH, Wang L, et al. Helios expression is a marker of Tcell
activation and proliferation. PLoS One. 2011;6:e24226.

36. Himmel ME, MacDonald KG, Garcia RV, et al. Helios+ and Helios− cells
coexist within the natural FOXP3+ T regulatory cell subset in humans.
J Immunol. 2013;190:2001–2008.

37. Kim HJ, Barnitz RA, Kreslavsky T, et al. Stable inhibitory activity of regula-
tory T cells requires the transcription factor Helios. Science. 2015;350:
334–339.

38. Veerapathran A, Pidala J, Beato F, et al. Ex vivo expansion of human Tregs
specific for alloantigens presented directly or indirectly. Blood. 2011;118:
5671–5680.

39. Bhorade SM, Husain AN, Liao C, et al. Interobserver variability in grading
transbronchial lung biopsy specimens after lung transplantation. Chest.
2013;143:1717–1724.

40. Muthukumar T, Dadhania D, Ding R, et al. Messenger RNA for FOXP3
in the urine of renal-allograft recipients. N Engl J Med. 2005;353:
2342–2351.
horized reproduction of this article is prohibited.

http://www.uptodate.com/



