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Abstract

Early subclinical inflammation in kidney transplants is associated with later graft fibrosis and
dysfunction. Regulatory T cells (Tregs) can reverse established inflammation in animal models.
We conducted a pilot safety and feasibility trial of autologous Treg cell therapy in three kidney
transplant recipients with subclinical inflammation noted on 6-month surveillance biopsies. Tregs
were purified from peripheral blood and polyclonally expanded ex vivo using medium containing
deuterated glucose to label the cells. All patients received a single infusion of ~320 x 10° (319,
321 and 363.8 x 10%) expanded Tregs. Persistence of the infused Tregs was tracked. Graft
inflammation was monitored with follow-up biopsies and urinary biomarkers. Nearly 1 x 10°
(0.932, 0.956, 1.565 x 109) Tregs were successfully manufactured for each patient. There were no
infusion reactions or serious therapy-related adverse events. The infused cells demonstrated
patterns of persistence and stability similar to those observed in non-immunosuppressed subjects
receiving the same dose of Tregs. Isolation and expansion of Tregs is feasible in kidney transplant
patients on immunosuppression. Infusion of these cells was safe and well tolerated. Future trials
will test the efficacy of polyclonal and donor alloantigen-reactive Tregs for the treatment of
inflammation in kidney transplants.
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INTRODUCTION

Despite advances in transplantation reducing early acute rejection, rate of long-term graft
attrition remain high and are mostly attributed to chronic immune-mediated injury (1).
Inflammation manifested by infiltration of mononuclear cells is noted in 11— 44% of
surveillance biopsies within the first year in patients with stable graft function (2, 3).
Although the overall prevalence of inflammation tends to decrease over time, it can persist
after the first year in a significant proportion of patients (4). Such subclinical inflammation,
even when insufficient to meet Banff criteria for acute rejection (5, 6), is thought to be the
result of an incompletely suppressed alloimmune response (7) and has been associated with
the progression of graft fibrosis and dysfunction in the long term (2, 3, 8, 9).

Tregs are a small subset of CD4* T cells that depend on the FOXP3 transcription factor for
their lineage differentiation and function (10). They function by preventing the initiation of
unwanted immune activation and by suppressing ongoing immune responses to limit
bystander tissue destruction (11). Tregs are long-lived and can function in a dominant and
antigen specific manner. Human Tregs can be isolated and expanded /n7 vitro while
maintaining their immunoregulatory function. Clinical studies of Tregs have found them to
be safe and possibly efficacious for graft-versus-host disease, type 1 diabetes mellitus, and
liver transplantation (12-15).

Treg recruitment at the acute phase of the alloimmune response may diminish the interstitial
inflammation and reverse kidney transplant rejection (16-19). Further, operationally tolerant
kidney transplant recipients have been noted to have potent memory Tregs with a specific
demethylation pattern of the FOXP3 Treg-specific demethylated region, which may
contribute to the maintenance of graft tolerance (19, 20). Infusion of Tregs before extensive
graft damage could therefore improve long-term graft outcomes (18, 21). Here we describe
the results of a safety and feasibility trial of polyclonal Tregs in kidney transplant recipients
with subclinical graft inflammation at 6 months. We selected this population for several
reasons. They have already received maximal treatment with induction therapy and are
maintained on dual or triple immunosuppression; more intense therapy has not been shown
to control the inflammation (22) and can often be associated with drug-induced toxicities.
Therefore, they are excellent candidates for immunomodulatory therapy that can alter the
balance of the immune system towards a more regulatory phenotype and lead to better long-
term function. Although it would be easier to detect an effect of therapy if patients had more
intense inflammation at baseline, we chose not to enroll patients with Banff type >1A
rejection due to the need for concomitant steroid therapy. Withholding or delaying steroid
therapy due to the Treg manufacturing constraints could be considered unethical.
Furthermore, steroid therapy could confound the interpretation of the follow up biopsies and
of adverse events. The choice of introducing Tregs at 6 months offers multiple advantages
over therapy at the time of surgery or soon after transplantation. By delaying the
administration of Tregs, we avoid the effect of induction therapy (especially the clearly
detrimental effect of the anti-1L-2 receptor antibodies) and the high exposure of calcineurin
inhibitors that is required early post-transplant. Also, by enrolling clinically stable patients at
a time point when no other interventions or manipulations are being performed routinely, we
are better equipped to discern the effects of Treg therapy on the follow up biopsies.

Am J Transplant. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandran et al.

Page 3

MATERIALS AND METHODS

Study Design

Patients

In this phase 1, single-center, open-label pilot study conducted at the University of
California, San Francisco, kidney transplant recipients with inflammation on their 6-month
post-transplant surveillance biopsy received a single infusion of 320 x 106 (allowable range
224-384 x 10%) ex vivo-expanded autologous CD4* CD127'%-CD25* polyclonal Tregs
without any changein their immunosuppressive regimen at enrollment. Follow-up biopsies
were performed at 2 weeks and 6 months post-infusion. Figure 1 depicts the schedule of
events. This study was approved by the institutional review board at UCSF and conducted
under IND 15711. It is registered with Clinical Trials.gov (NCT02088931).

This study enrolled recipients of primary renal transplants 18-65 years old with stable renal
function (estimated glomerular filtration rate or eGFR =40 ml/min, proteinuria <500 mg/
day) who were on maintenance immunosuppression consisting of tacrolimus and
mycophenolate mofetil £ prednisone, had no history of acute rejection and had a
surveillance renal allograft biopsy at 6 months post-transplant showing 5 — 25%
inflammation (Banff i0 or i1) without evidence of rejection (Banff scores i<2, t<2)(5, 6).
Adequate venous access was required to support a 400 ml whole blood draw and infusion of
expanded Tregs. Other major inclusion criteria included current immunizations against
tetanus, diphtheria, pertussis, hepatitis B, pneumococcus and influenza, and willingness to
use a reliable and effective form of contraception for 2 years (women) or 3 months (men)
after Treg dosing. Major exclusion criteria were: evidence of active infection [HIV-1/HIV-2,
hepatitis B, hepatitis C, Epstein-Barr virus (EBV) or CMV or BK genomes, or positive
purified protein derivative (PPD) skin test]; autoimmune disease; EBV seronegativity; CMV
seronegativity with CMV seropositive donor; history of malignancy except adequately
treated basal cell carcinoma; 6-antigen HLA match with their donor; history of transplant
renal artery stenosis or wound healing complications following the transplant; any chronic
illness or previous treatment that, in the opinion of the investigator, precluded participation
in the trial. Laboratory exclusion criteria included hemoglobin <11 g/dl, leukocytes
<3000/ul; neutrophils <1500/ul, lymphocytes <800/pl, platelets <100,000/ul, or Tregs
<30/pl.

Study Endpoints

Primary outcome measures were the feasibility of isolating, expanding and infusing Tregs in
kidney transplant recipients on immunosuppression, the incidence of adverse events, and
patient and graft survivals. Secondary outcome measures included changes in circulating
Tregs, changes in the inflammatory infiltrate in the allograft two weeks after the Treg
infusion, and changes in urinary protein and mRNA markers reflecting immune mediated
injury. Table 1 lists the specific objectives and endpoints for the study.
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Treg manufacturing

Polyclonally expanded Tregs were produced from 400 ml of peripheral blood as previously
described (23) Briefly, peripheral blood mononuclear cells were isolated via Ficoll density
gradient (GE Healthcare Bio-Sciences) and Tregs were purified using flow activated cell
sorting (FACS) based on cell surface phenotype of CD4* CD127!%-CD25*. Purified Tregs
received two rounds of stimulation of anti-CD3 and anti-CD28 paramagnetic beads on day 0
and day 9 along with constant feeding of medium (X-Vivo 15, Lonza) containing
interleukin-2 and deuterated glucose (Cambridge Isotopes) without the addition of
rapamycin. Cells were harvested on day 14 after culture initiation and stimulating beads
removed via magnetic separation. Products that met the preset release criteria were released
for infusion.

Treg infusion

Safety

Results of blood chemistries and hematology were reviewed, a history of any recent illness
or fever was obtained, and a physical exam performed before infusion of the cells. After
premedication with acetaminophen and diphenhydramine, Tregs were infused via a
peripheral intravenous line using syringe push over 10 minutes. The patients were monitored
for 24 hours post-infusion in the clinical research unit.

Patients underwent follow-up assessments for 1 year post-infusion as noted in Figure 1
which included a safety questionnaire, medication review, physical exam and laboratory
assessments. For each of the first two subjects, the study team met to review cumulative
safety data after they had undergone their 2 week follow-up biopsies. If no grade 3 or higher
adverse event had been observed, subsequent subjects could be treated. An independent data
and safety monitoring board reviewed cumulative safety data at 6-month intervals.

Tracking of infused Tregs

Expanded Tregs were labeled with deuterium using deuterated glucose in the expansion
medium (12) which provides a means to track the autologous Tregs after infusion. In
addition, by measuring deuterium in non-Tregs (cells outside the CD4* CD127'-CD25*
gate), stability of the infused Tregs was monitored. CD4* CD127!9-CD25* Tregs were
purified via FACS from peripheral blood collected at specified time points post-infusion.
CD4" cells outside the CD257CD127'%~ Treg gate were further sorted into three subsets:
CD45RO*CD62L*, CD45RO*CD62L ", and CD45RO~CD62L". For tracking infused Tregs
in kidneys, biopsies obtained after Treg infusion were enzymatically digested into single
cells and CD4* cells were FACS purified. At least 1,000 cells were collected from each cell
subset. DNA was extracted from all purified cells and subjected to gas chromatography and
mass spectrometry (GC-MS) analysis to measure deuterium enrichment in circulating Tregs
(12).

Graft pathology

Kidney transplant biopsies were performed per protocol at 2 weeks and 6 months following
the Treg infusion. Clinically indicated biopsies were performed for elevated serum
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creatinine, proteinuria or rising donor specific antibody. Two cores of renal allograft tissue
were obtained during the biopsy- one used for histopathology and molecular analysis, and
the second for Treg deuterium tracking. All biopsies were scored by a single pathologist
using the Banff classification of kidney allograft pathology (5, 6). Multiparameter
immunohistochemical and/or immunofluorescence (IF) staining were performed for the
following cell markers: CD45 (leukocyte common antigen), CD4, CD8, FOXP3, CD20, and
CDe68.

Patient characteristics

Three kidney transplant recipients with inflammation on their 6-month surveillance kidney
transplant biopsy were enrolled in the study. All patients had received transplants from ABO
and human leukocyte antigen (HLA)-compatible donors and had stable graft function at the
time of the biopsy. Table 2 lists the demographic and clinical characteristics of the enrolled
patients as well as the findings on the qualifying biopsy. Patients 1 and 2 were maintained on
the same immunosuppressive regimen without any changes for the duration of the study. The
immunosuppressive regimen of patient 3 was modified after the follow up biopsy at 6
months post-infusion.

Treg manufacturing

Safety

Immunosuppressive drugs, particularly calcineurin inhibitors, can impact Treg number in
peripheral blood and their ability to expand. Figure 2 compares Treg manufacturing data
from the patients in this trial who were receiving maintenance immunosuppression (solid
symbols) to all patients in a previous type 1 diabetes trial who were infused products (open
symbols) (12). Despite their more advanced age, immunosuppressive therapy, a trend toward
lower number of Tregs in the peripheral blood and lower expansion in culture, we were able
to produce close to 1x10° Tregs from one unit of blood for all subjects in this study. More
importantly, the purity of Tregs assessed by flow cytometric analysis of percentage of
FOXP3™ cells in the products was 93, 95.5, and 96.7%, far exceeding the 60% release
criterion. Altogether, three expansions were attempted and all successfully met the release
criteria and dose requirement for infusion (Table 3).

All patients received the target dose. There were no infusion reactions. No infections or
malignancies were observed during the 1 year follow-up period. Leukopenia was the only
reported adverse event possibly related to the study therapy (only in subject 1), with highest
severity being grade 3 (neutropenia, absolute neutrophil count 0.96 x 10%/L). The leukopenia
resolved spontaneously without any special interventions or any change in the
immunosuppression regimen. There were no therapy-related serious adverse events. Patient
and graft survival were 100% at one year and there were no episodes of graft dysfunction or
malignancy. Renal function parameters before and during the course of the study are
depicted in Figure 3.
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Tracking of infused Tregs

Figure 4A compares the results of deuterium enrichment in Tregs in the three patients in this
trial (solid colored lines) with those from three type 1 diabetes patients (dotted black lines)
in another trial conducted at UCSF who had also received 320 x 108 polyclonal Tregs (12).
The purpose of this comparison was to identify any impact of immunosuppressive
medications, particularly calcineurin inhibitors, on the persistence of Tregs. Infused Tregs
peaked in circulation in the first week, reaching 2 to 8% of circulating Tregs. Deuterium
signals remain detectable in the first month after infusion in all subjects and fell near the
detection limit of 0.2% by 3 months after infusion. The pattern of Treg persistence was not
different between the type 1 diabetes subjects and the transplant patients on
immunosuppression. In addition, we did not detect deuterium among various subsets of non-
Tregs at any time point after infusion, suggesting that most Tregs maintained their
phenotype after infusion (Figure 4B).

Graft pathology

All subjects underwent kidney biopsies per study protocol at 2 weeks and 6 months post-
infusion. Tables 4 and 5 and Figure 5 demonstrate the clinical and histologic data and the
corresponding images of renal pathology.

Subjects 1 and 2 had lower LCA+ cell density on their follow-up biopsies compared to the
screening biopsy.

Subject 3 underwent three biopsies: study biopsies at 2 weeks and 6 months post-infusion
plus a clinically indicated biopsy at 3 months post-infusion for a rising level of de novo
donor-specific anti-HLA antibody. The 2-week biopsy, similar to the baseline biopsy,
showed subclinical inflammation which was insufficient to meet criteria for acute cellular
rejection. The 6-month follow up study biopsy showed worsened inflammation now
sufficient to meet criteria for Banff type 1a acute cellular rejection. C4d staining was
negative on both biopsies and there was no evidence of acute antibody mediated rejection.
Of note, graft function had remained stable during the 6 months post-infusion. He was
treated with steroids for subclinical acute cellular rejection on his 6-month follow up biopsy.
His maintenance immunosuppression was also modified: the total dose of mycophenolate
was increased to 2000 mg/ daily and tacrolimus dose was adjusted to maintain a level of 8—
10 mcg/L

Interestingly, subject 3 was also noted to have detectable donor specific antibodies to HLA
DR53 and HLA DQA1*03 at the time of his 2-week follow-up biopsy. Retrospective
analysis of stored sera showed that he had no detectable HLA antibodies at the time of his
initial 6-month surveillance biopsy prior to study enrollment (day —63) but these became
detectable on serum from the day of infusion of Tregs prior to receiving Tregs. Continued
monitoring after his 2-week study biopsy showed a rising level of these antibodies to the
donor (Figure 6). Although serum creatinine remained stable, a biopsy was performed at 3
months (day 103) post-infusion to rule out antibody-mediated rejection as per the local
standard of care. This biopsy showed no inflammation or rejection (Banff scores: i0, t0; C4d
stain negative) and he received no specific treatment. Antibody levels showed a substantial
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decline after treatment for subclinical acute cellular rejection on his 6-month post-infusion
follow-up biopsy Of note, subject 1 did not have sufficient T cell infiltrate in the biopsy
samples collected at 2 weeks or 6 months post infusion for deuterium analyses. For subjects
2 and 3, 2,781 to 10,000 CD4" cells were isolated from the 2-wk and 6-month biopsies and
deuterium signals were near the 0.2% threshold of detection.

DISCUSSION

Interventions that modulate the immune response have the potential to resolve graft
inflammation and improve long-term graft survival. Tregs are known to traffic to sites of
inflammation and their presence in the urine and renal allograft of patients with rejection has
been correlated with improved outcomes (16, 24).

Here, we have expanded polyclonal Tregs and tested their safety after reinfusion in kidney
transplant recipients on tacrolimus, mycophenolate mofetil and corticosteroids. While Tregs
have been previously isolated from uremic patients (25, 26), this is the first report showing
that isolation and expansion of Tregs is not only possible from kidney transplant recipients
on immunosuppression but also feasible in sufficient numbers for in vivo therapy. The Treg
infusions were well tolerated without cytokine release, infusion reactions, or infectious
complications. A subset of infused Tregs remained detectable in circulation for at least a
month post infusion with pharmacokinetics similar to that seen in non-immunosuppressed
type 1 diabetes patients. In addition, we did not detect Treg destabilization in these patients
on tacrolimus-based immunosuppression. Our findings on Treg persistence in human
subjects are distinct from a previous study in non-human primates that showed expanded
Tregs peak within minutes after infusion and fall sharply afterwards and that there was a
negative impact of tacrolimus on Treg persistence and stability (27). This study differs from
the previous study in terms of species of study subjects, cell manufacturing protocol, and
dose of immunosuppression. Tregs manufactured using our established approach persisted
and were stable in immunosuppressed patients. These results are reassuring given previously
noted concerns in literature about the phenotypic and functional stability of infused Tregs
(28-30).

Graft inflammation, as assessed by the density of LCA+ cells, showed improvement on
follow-up biopsies in the first 2 patients but not in the third patient. The third patient
continued to have inflammation on his follow biopsies at 2 weeks and 6 months post-
infusion. Unlike the first two patients, the third patient had started developing de novo
donor-specific antibodies prior to the infusion and it is possible that his alloimmune
response was stronger or more resistant to modulation by Tregs.

As a phase 1 study with a limited number of participants and no controls, this study was not
powered to detect improvement in graft inflammation or derive any correlation between
changes in graft pathology and the infusion of Tregs. Therefore, we are unable to ascertain
whether the persistence of infused Tregs in circulation had any impact on graft inflammation
and whether the changes in the graft infiltrate observed in patients 1 and 2 were related to
the infusion. The strength of the study design is the relative uniformity and stability of
enrolled patients. We kept factors such as the immunosuppressive regimen constant before
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and after the infusion to maximize our confidence in associating changes with Treg infusion.
Selecting patients with pre-existing inflammation in the graft provides us an opportunity to
observe the therapeutic impact of Tregs on the inflammation. Although we cannot draw any
conclusions regarding the efficacy of Tregs for graft inflammation based on this study, the
positive safety and feasibility results have allowed us to devise and conduct a full-scale
protocol of Clinical Trials in Organ Transplantation-21 (CTOT-21, NCT02088931) utilizing
the same design backbone to study efficacy of infused polyclonal Tregs versus donor
alloantigen-reactive Tregs in a randomized controlled trial.

In summary, this study reports the successful isolation, expansion, and reinfusion of
polyclonal Tregs derived from kidney transplant recipients on immunosuppression with
subclinical graft inflammation, therefore providing the impetus and support for future
clinical trials of immunotherapy with Tregs in transplantation.
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Figure 1. Study design and subject schedule of events
Blood for Treg manufacturing was drawn at day —14, and Treg infusion was given on day O.

Subjects were seen for follow-up assessments on day 4, 7, 14 and 28, and at months 3, 6 and
12. Laboratory assessments were done weekly after the first week, and monthly after the
first month.
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Figure 2. Treg manufacturing
Parameters of Treg manufacturing for the three kidney transplant patients in this study -

TASKDp (pilot Treg adoptive therapy for subclinical kidney transplant inflammation, n=3)
(solid symbols) are compared with those obtained from type 1 diabetes patients (T1D)

enrolled in a separate trial (n=14) (12)(open symbols). Identical standard operating
procedures were followed in the two trials. Mann Whitney test was used to calculate p
values and determine the statistical significance between the two groups.
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Figure 3. Graft function before and after Treginfusion
The arrow indicates the day of infusion (day 0)

3A. Estimated GFR by MDRD equation for all subjects
3B. Urinary protein excretion for all subjects.
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4A. Persistence of infused Tregs. Tregs were expanded ex vivo in the presence of
deuterated glucose, which achieves ~60% enrichment of deuterium in the DNA of expanded
Tregs and allows tracking of the infused Tregs after infusion. On the indicated days after
Treg infusion, Tregs were isolated using FACS on indicated days and deuterium enrichment
in the genomic DNA of purified Tregs were determined using gas chromatography and mass
spectrometry. The enrichment values from the 3 kidney patients in this study (solid lines) are
compared with those obtained from type 1 diabetes patients (dotted lines) who received

similar dose of Tregs in a separate trial.
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4B. Stability of infused Tregs. Peripheral blood CD4 cells outside The CD25*CD127'9/~
Treg gate (non-Tregs) are sorted into three fractions based CD45R0 and CD62L expression.
Deuterium levels in these cell subsets were monitored for potential destabilization of Tregs
into non-Tregs.
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Figure5. Graft inflammation on kidney biopsies at baseline and post-Treg infusion
CD45 (leukocyte common antigen) immunohistochemical staining was done on kidney

biopsy sections at baseline and at 2 weeks and 6 months post-Treg infusion. Representative
slides from each subject are shown. The positive cells stain brown.
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Figure 6. Donor specific antibody (DSA) levelsin subject 3 pre- and post-Treg infusion
Day 0 refers to the day of Treg infusion. Antibodies were already present prior to the

infusion of Tregs and continued rising post-infusion. Biopsies were done on day 14, day 103
and day 180 post-infusion. MFI=mean fluorescent intensity
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Table 1
Study Objectives and Endpoints

Objectives Endpoints

Primary Assess the feasibility of isolating and expanding Incidence of failure-to-treat
Tregs and of intravenous infusion of ex vivo—
expanded autologous polyclonal Tregs in kidney
transplant recipients with subclinical graft
inflammation
Assess the safety of intravenous infusion of ex vivo— Incidence of infusion reactions Incidence of patient reported adverse
expanded autologous polyclonal Tregs in kidney events Incidence of laboratory abnormalities Incidence of infection
transplant recipients with subclinical graft Incidence of malignancy Incidence of acute rejection Incidence of graft
inflammation dysfunction Patient and graft survival

Secondary | Assess the fate of infused Tregs in circulation Circulating Treg numbers Percentage of infused Tregs by deuterium

tracking Intragraft Tregs in the kidney biopsy by IHC and deuterium
tracking

Assess the impact of infused Tregs on graft
inflammation

Inflammatory cell density in the renal allograft by histopathology and
IHC Urine cytokines and inflammatory gene expression levels
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Patient characteristics

Table 2

Page 19

Subject 1 Subject 2 Subject 3
Age at enrollment (years) 62 58 46
Sex Male Male Male
Race/ Ethnicity Caucasian Hispanic Hispanic

Cause of renal failure

Membranous glomerulonephritis

Hypertension

Focal segmental
glomerulosclerosis, likely
secondary to hypertension

classification *(5)

Duration of dialysis (months) 5 61 0 (pre-emptive transplant)
Type of transplant Living donor Deceased donor | Living donor

Calculated panel reactive antibody (%) 0% 17% 0%

Induction immunosuppression Basiliximab Basiliximab Basiliximab

Maintenance immunosuppression

Tacrolimus (mg/day) 4 4 3

Mycophenolate mofetil (mg/day) 2000 1000 1000

Prednisone (mg/day) 5 5 5

6-month surveillance biopsy scores by the Banff i1,t1 i0, t1 i0, t1

*
Under the Banff classification of renal allograft pathology, i- and t-scores reflect the amount of mononuclear cell infiltration in the interstitium and

tubules respectively.
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Purity and Viability of Expanded Tregs

Table 3

Parameters FOXP3% | CD4% | CD8% | Viability
Release criteria | >60% >95% <5% >85%
Subject 1 93.1 97.9 0.16 99.5
Subject 2 95.5 97.1 0.37 99.6
Subject 3 96.7 97.6 0.25 99.4
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