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Abstract

Adoptive immunotherapy with cytomegalovirus (CMV) specific cytotoxic T lymphocytes (CTL)
is an effective strategy for preventing and treating viral reactivation following allogeneic stem cell
transplantation (SCT). We have previously shown that CMV CTL can be generated in 1-2 weeks
by stimulating donor lymphocytes with peptide mixes derived from full length pp65 and IE1. We
conducted a multi-institutional study of CMV specific CTL for patients with persistent or anti-
viral resistant CMV infections following allogeneic SCT, to determine the safety, feasibility, and
immunologic effects of this approach. We were successful in stimulating CTL from 10/10 donors
with pooled CMV overlapping peptide mixes. Five of the 7 subjects who met infusion criteria had
new onset CMV specific CTL activity detected within 4-6 weeks post infusion. Of the two
subjects who did not have immunologic responses post-infusion, one received CTL with a low
viability post-thawing, and the other patient was receiving cyclosporine A and systemic
corticosteroids at the time of the infusion, achieving only a low, transient increase (10%) in pp65
specific activity. There was no GVHD attributable to these infusions. These findings indicate that
the infusion of CTL stimulated over 1-2 weeks with overlapping CMV peptides can result in virus
specific immune reconstitution in SCT recipients, without exacerbations of GVHD.
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Introduction

Infections with CMV continue to be a source of morbidity following allogeneic SCT,
although the majority of patients are successfully treated with antiviral agents when they
reactivate this virus. Nevertheless, these agents have significant toxicities, most notably
myelosuppression and nephrotoxicity 1 2. The incidence of neutropenia ranges from 40-60%
in ganciclovir recipients3: 4, with an increased risk of bacterial and fungal infections 3 5.
Prolonged usage of this agent can be associated with lymphopenia, further delaying virus
specific immune reconstitution?. Cidofovir and foscarnet can be associated with
nephrotoxicity, requiring intravenous hydration and careful monitoring of electrolyte status®.
Some patients who reactivate CMV develop resistance to these agents, or due to their
profoundly immunosuppressed state are unable to clear the virus. Persistent CMV infections
are particularly a problem in recipients of T cell depleted SCT, for whom adoptive
immunotherapy with antigen specific T cells has been shown to be effective in preventing
and treating viral reactivation’. Considering the long term risks of persistent CMV infection
and the impact of prolonged use of anti-virals, individuals with persistent viremia are ideal
candidates for an intervention that would restore antigen specific immunity to CMV.

While adoptive immunotherapy has been shown to be effective for the treatment and
prevention of Epstein Barr virus (EBV), adenovirus, and CMV infections post-
transplant®-12, many strategies for expanding CTL require genetic manipulation of antigen
presenting cells or special expertise in cell separation. The fact that not all institutions have
this capacity has largely precluded implementation of adoptive immunotherapy on a wider
scale. We have previously demonstrated that CMV pp65 specific CTL can be cultured from
the majority of normal healthy donors using autologous adherent cells pulsed with pooled,
overlapping peptides derived from full length pp65 and IE113. Cellular immunotherapy for
CMV could be used in more patients if it was possible to generate a relatively low cost CTL
product, with a low risk of conferring GVHD and a high likelihood of restoring CMV
specific immunity. To test the clinical and immunologic effects of CMV CTL that are
expanded using monocytes pulsed with CMV pp65 peptide mixes, we conducted a multi-
center, Phase 1 study of CMV CTL in allogeneic SCT recipients with persistent, therapy
refractory infections.

Patients and Methods

Subject Eligibility
Subjects were enrolled at Penn State Hershey Medical Center (PSHMC), the University of
California at San Francisco, Benioff Children’s Hospital, the University of Kansas Medical
Center, and Levine Children’s Hospital (Charlotte, NC). These studies were approved by the
US Food and Drug Administration under IND 13192, by each center’s institutional review
board, as well as the National Marrow Donor Program. Subject entry criteria included any
recipient of an allogeneic SCT > 1 month of age who had CMV antigenemia for > 2 weeks
or CMV DNA levels > 600 copies/mcg DNA, despite anti-viral therapy targeting CMV.
Subjects needed to have a CMV sero-positive donor, or a CMV sero-negative donor who
was willing to receive a CMV vaccine. Details of administering the Towne strain CMV
vaccine (from Dr. Stuart Adler, Medical College of Virginia) have been previously
described!4. At the time of infusion, the subjects could not have any sign of ongoing GVHD,
and needed to be on < 1 mg/kg/day of prednisone, or its equivalent. Shortly after the study
began accruing patients, a modification was made to permit stimulation with IE1 peptide
mixes simultaneously with pp65, in the event some donors would preferentially respond to
the former antigen. Depending upon the version of the protocol approved at each center,
pp65 or pp65/1EL CTL were infused.
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60-80 mL of peripheral blood was collected from stem cell donors, and peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Hypaque density gradient centrifugation.
50-100x10% PBMC were placed in 15ml of RPMI (Gibco, Chicago, IL) with 10% fetal
bovine serum (FBS, Hyclone, Logan, UT) for 1 hour in T150 flasks (Corning, NY). Non-
adherent peripheral blood lymphocytes (PBL) were removed and resuspended at 2x108/mL
in RPMI 1640 / 10% FBS, and adherent cells were removed with a cell scraper (Corning).
Adherent cells were washed in RPMI 1640 and placed at 10x106 in 0.5 mL RPMI in 50 mL
conical centrifuge tubes, and then pulsed with CMV pp65, IE-1, or both peptides
simultaneously. The CMVpp65 and IE1 peptide mixes (JPT Peptide Technologies, Berlin)
consisted of 138 and 120 overlapping 15mers, respectively. Each of these peptides was
suspended in 40uL of DMSO (Sigma Aldrich, St. Louis, MO) per the manufacturer’s
instructions. 3uL (0.7mg/ml) of the peptide suspension was added to 10-20x108 adherent
cells and the capped centrifuge tubes were incubated at room temperature for 2 hours, and
then washed/centrifuged in RPMI 1640 three times. PBL were plated with peptide pulsed
adherent cells at a responder: stimulator ratio of 10:1 in 24 well plates (Corning), 2 mL per
well. CMV CTL were assayed for CMV specific cytotoxicity at 10-12 days of culture.
Target cells included donor B cell blasts (BB) infected with vaccinia encoding full length
pp65 or IE1, (vacc-pp65 from Dr. William Britt, University of Alabama, Birmingham, and
vacc-1E1 from Dr. Donald Diamond, City of Hope), BB pulsed with pp65 or IE1peptide
mixes, as well as autologous and allogeneic BB, the latter as negative controls. If specific
cytotoxicity against both antigens was < 25% at a responder:stimulator ratio of 10:1, then
the cells were re-stimulated for one more week with peptide pulsed adherent cells, and then
assayed. Infusion criteria included > 25 % cytotoxicity against either BB expressing pp65 or
BB-IE1, and testing negative for endotoxin, mycoplasma, bacteria, and fungus by culture.
CTL were cryopreserved in a controlled rate freezer at PSHMC Cell Therapy laboratory and
were shipped to participating institutions for patients meeting eligibility criteria for CTL
infusion. Cells were thawed in the participating institution’s Cell Therapy Lab, viability was
checked, and the cells were transferred to the patient care unit for infusion.

Cell function analysis

Intracellular

CMV specific T cell responses were assessed before and at bi-weekly intervals post-infusion
by chromium release assays and using flow cytometry for CMV antigen specific interferon-y
(IFN-y) production, as previously described!3. Targets for chromium release assays (CRA)
included autologous and allogeneic BB (used as a negative control) and BB pulsed with the
pp65 or IE1 peptide mixes. To determine whether these effector cells recognized naturally
processed and presented pp65 and IE1 epitopes, we also infected BB with vaccinia encoding
pp65 and IE1. B cell blasts were cultured from donor PBMC as previously described?®.
Targets were labeled overnight with 51Cr (100 puCi/106 cells; from PerkinElmer Life and
Analytical Science, Boston, MA), washed in PBS, and dispensed in triplicate into 96 well V-
bottom plates (ICN, Costa Mesa, CA) at 4 x 103 cells/well, as previously described6. CTL
were added at a responder: target ratio (of 10:1), and after pelleting and incubation for 4
hours, the supernatant was counted in a gamma-counter. Spontaneous and total release for
each target was used to calculate percent specific release with the following formula: %
specific release = (experimental cpm-spontaneous cpm)/(total cpm-spontaneous cpm).

cytokine staining (ICS)

Flow cytometry for IFN-y production was performed on a FACScan (Becton Dickinson) to
detect pp65 and IE1 specific T cells. Multiple-color staining of immunophenotypic markers,
both surface and intracellular, was performed as previously described!’. In brief, T cells
were incubated with equal numbers of stimulators, including autologous BB pulsed with
pp65 and IE1 overlapping peptides or B blasts infected with either vaccinia encoding pp65
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or IE1, and autologous and allogeneic BB, in RPMI 1640 with 10% FCS and in the presence
of 10 pg/ml brefeldin A (Sigma) at 37°C for 5 hours. After stimulation, EDTA was added at
a final concentration of 2.5 mM, and the cells were incubated at room temperature for 10
minutes. 10 vol Lysing Solution (BD PharMingen) was added, and the cells were incubated
for 10 minutes. The cells were washed with 3% fetal calf serum and 0.1% NaN3 in PBS,
incubated with permeabilization buffer (BD PharMingen) for 10 minutes, aliquoted, and
stained with the following labeled antibodies (BD PharMingen): CD4-FITC, CD8-peridinin
chlorophyll protein and IFN y-APC. Control antibodies were the respective isotype
antibodies conjugated with relevant fluoresceins.

We were able to culture CMV pp65 CTL from all 10 stem cell donors stimulated with pp65
and 6/6 stimulated with IE1 peptides. Specific cytotoxicity was measured at day 10 of
culture using B cell blasts (BB) infected with either vaccinia encoding pp65 or IE-1. IFN-y
producing T cells specific for CMV were analyzed by intracellular staining for pp65 and
IE1. Autologous and allogeneic BB were used as negative controls. CTL which showed <
10% of cytotoxicity to negative control cell lines and > 25% pp65 or IE1 specific
cytotoxicity were considered CMV specific. CMV pp65 or IE1 specific cytotoxicity and
IFN-y production was present in each of these donors, and data from donor CTL that were
infused are presented in Figure 1. This is consistent with our previous findings in which
CMV pp65 or IE1 specific CTL could be cultured from the majority of healthy donors?’.
The average pp65 specific cytotoxicity for the products was 37 % (range 21-58 %) and 30%
for IE1 (range 21%-38%). Seven products were cultured for 9-11 days (one stimulation),
and 3 products were cultured for an additional week to meet infusion criteria (lack of allo-
reactivity and > 25% specific cytotoxicity). All CTL products met potency and sterility
infusion criteria.

Patient characteristics are presented in Table 1. Seven of the 10 subjects for whom CTL
were cultured met eligibility criteria for infusion. Three of the subjects did not meet
eligibility criteria after the cells were prepared, generally due to control of CMV DNA levels
with anti-viral medications, and therefore did not receive CTL. 5/7 CTL recipients were
transplanted with a T cell depleted, haplo-identical SCT from a parent, and two received
unmodified SCT from unrelated donors. 6 subjects initially reactivated CMV within 4 weeks
post-transplant and one subject reactivated the virus 8 months post-transplant, with the
majority having persistent CMV infection despite months of antiviral therapy with
ganciclovir or foscarnet.

The first subject, who received CMV CTL from a vaccinated, CMV sero-negative donor,
was previously shown to have had resolution of CMV viremia and reconstitution of pp65
specific T cell responses post-infusionl4. Of all 7 patients with persistent CMV receiving
CMV CTL infusions, four developed pp65 or IE1 specific cytotoxicity by 4 weeks post-
infusion, and one subject developed pp65 specific cytotoxicity 6 weeks post-infusion. Four
of seven CTL recipients had DNA levels decrease within three weeks of CTL to 0-100
copies CMV DNA. Three individuals who were receiving immunosuppressive medications
at the time of CTL infusion and afterward had reactivation and needed further antivirals.
Subject 3 was receiving cyclosporine A and 0.3 mg/kg/day of prednisone at the time of the
CTL infusion, and this subject had only a transient increase (10%) in CMV pp65 specific
cytotoxicity 3 weeks post-infusion, correlating with control of CMV pp65 DNA levels.
Subject 5 was treated for chronic skin GVHD with prednisone and plaquenil at the time of
the CTL infusion. Despite developing CMV specific T cell function post-infusion, this
patient had intermittent CMV viremia and developed CMV retinitis 4 months later, which
resolved with intra-ocular ganciclovir and intravenous foscarnet. Subject 7, a recipient of

J Immunother. Author manuscript; available in PMC 2013 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bao et al.

Page 5

CMVpp65 and IE1 CTL, developed IE1 specific cytotoxicity (17%) 3 weeks post-infusion,
but at this time was thought to have progression of his primary illness (hemophagocytic
lymphohistiocytosis), and was placed on systemic corticosteroids. The use of steroids
eradicated CMV specific CTL activity from all subsequent time points and resulted in
recurrence of CMV viremia. Subject 3 and 7 subsequently died from systemic fungal
infections. Two subjects not receiving systemic immunosuppression failed to achieve CMV
specific immune reconstitution within 4 weeks of the infusion. Subject 2 received 5 x 10°
CMV specific CD3+ cells/kg but unfortunately the viability of the CTL was 60%, which
could have compromised the efficacy of this product. This subject had no CMV specific T
cell function after the CTL infusion, and his primary transplant physician gave him an
unmodified donor lymphocyte infusion 6 weeks later, which was associated with an increase
in CMV pp65 cytotoxicity 3 weeks post-infusion. Subject 4 received 5 x 10° CD3+ cells/kg
and achieved CMV pp65 specific cytotoxicity 6 weeks post-infusion.

Figure 2A shows CMV pp65 and IE1 specific cytotoxicity over time post-infusion in these
subjects. The overall trend was for these individuals to have an increase in CMV pp65 and
IE1 specific CTL activity post-infusion, although there were variations in the extent of T cell
responses. CMV pp65 and IE1 specific IFN-y production was measured between 1 and 2
months post-infusion, and these data are presented in Figure 2B. Of four subjects for whom
there were sufficient cells to perform this analysis, each had specific IFN-y production to
either CMV pp65 or IEL. A detailed depiction of the timing of CMV specific cytotoxicity
and IFN-y production for subject 5 is depicted in figure 3. This individual received CMV
pp65/IE1 CTL, and specific cytotoxicity against both antigens was detected at 4 weeks post-
infusion, with CD8+ cells producing IFN-y in response to both of these antigens at this time.
There was a relatively low number of CD4+ cells making IFN-y in response to pp65 and
IE-1 (0.35% and 0.19%, respectively, data not shown). This subject continued off anti-virals
but had persistent, low level (0-1550) CMV DNA detected from the peripheral blood, and
anti-virals were resumed. A second CTL infusion was given 4 weeks after the first dose of
CTL, and despite sustained CMV CTL activity, he developed CMV retinitis 3 months later.

DISCUSSION

Several previous studies have demonstrated the efficacy of infusing CMV specific CTL for
the treatment and prevention of CMV reactivation post-transplant®-12, Riddell and group
initially reported the safety and efficacy of infusing stem cell donor derived CTL clones®,
but this approach was not applied on a larger scale due to the technical challenges associated
with cell cloning. Einsele and group generated CMV CTL by repetitive stimulation with
CMV lysate, and 5/7 subjects had sustained anti-CMV immune responses®. As seen in our
study, subjects receiving immune suppression at the time of the CTL infusion had only
transient reductions in viral load. Despite these limitations, 5/7 CTL recipients developed
CMV specific immune responses, all of whom had persistent CMV infections on anti-viral
therapy. Our culture system is novel in that CD4+ and CD8+, CMV specific CTL can be
generated is a cost-effective, timely manner (2 weeks), using technology that can be applied
at most transplant centersl’. There were no exacerbations of GVHD associated with these
infusions even though these CTL were only stimulated 1-2 times with CMV antigen.

Two subjects (subject 1 and 5) required repeat CTL infusions to treat CMV viremia.
Although these were transient increases in CMV specific T cell activity post-infusion, CTL
recipients on systemic immunosuppressive medications were less likely to respond to
cellular immunotherapy. Three subjects in our series were on systemic immunosuppression
on or shortly after receiving CTL, impairing viral clearance and reducing the likelihood of
an observable immune effect. One of the challenges to applying prophylactic anti-viral
immunotherapy is the fact that some SCT patients will reactivate CMV at a time point
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during which they are at risk for GVHD, and may be receiving systemic
immunosuppression. It is unclear whether the presence of these medications is an absolute
contraindication to giving donor T cells for viral reactivation. It is likely that the
concomitant use of immunosuppressive medications will likely subvert the function of these
CTL, although there may be a role for CTL infusions in recipients on calcineurin inhibitors,
in which case some CTL function may be retained post-infusion. One group demonstrated
that EBV CTL activity was retained in vitro when CTL were exposed to lower dose (250 ng/
ml) cyclosporine A18, Subject 5 achieved CMV specific T cell function post-infusion, but
later developed CMV retinitis while on immunosuppressive therapy for chronic GVHD.
These findings highlight the deleterious effects of prolonged systemic immunosupression on
viral clearance. While some effector functions might be preserved in patients who are on
chronic immunosuppression, these medications clearly have a negative impact on the ability
of infused CTL to function in vivo.

The optimal cell dose of CMV CTL for adoptive immunotherapy is unknown. MacKinnon
and group reported the use 1 x 10° CD3+ CMV specific T cells/kg, with no GVHD and the
majority of recipients having no subsequent CMV reactivationl®. This group also described
the selection of CTL based on IFN—y capture, with a mean CMV reactive T cell dose of 3.4
x 108 total cells per patient?C. CTL infused on this study were stimulated with antigen only
1-2 times, and therefore had a greater potential to contain allo-reactive cells. CTL cultured
in this manner would also be expected to have a lower CMV specific CTL precursor
frequencies compared to CTL that had been cloned or selected for antigenic specificity.
While there were no exacerbations of GVHD attributable to the CMV CTL used in this
study, the infusion of CTL that have been stimulated more than once might be of benefit,
enriching for CMV CTL activity and reducing the risk of conveying cells that could trigger
GVHD. Two patients required more than one CTL infusion due to persistent viremia, but
this might have been avoided if a higher cell dose was used initially, or if a product with a
higher proportion of CMV CTL is used.

A decision to administer antigen specific CTL must be based on the risks associated with
anti-viral medications and with prolonged CMV infection. Previous studies have shown that
the restoration of CMV specific CD4 cell function is critical for long term immune
reconstitution following adoptive immunotherapy??, providing helper functions as well as
exerting direct control in vivo of viral replication 22. Our results show that IFN-y producing,
CD4 and CD8 CMV (pp65 and IE1) T cells increase after the infusion of peptide mix
stimulated cells. The method used to generate CMV CTL for these patients are simple to
carry out and could be done at centers without the infrastructure to carry out more complex
cell manipulations or gene therapy. We have previously reported that a single cell infusion
for a typical 70 kg adult was comparably priced to less expensive than 28 day courses of
ganciclovir and foscarnetl’, with the added benefit of restoring cellular immunity to CMV.
It is possible that a similar culture method could also be used to generate EBV or adenovirus
specific CTL. Since many patients with these infections can be stabilized for a few weeks
with pharmacologic agents, it is possible that antigen specific CTL could be cultured on an
“as needed” basis, reserved for those patients with refractory infections. Alternatively, these
CTL could be infused into patients at high risk for prolonged viral reactivation, such as
recipients of T cell depleted transplants. Further work needs to be done to optimize the
timing and dose of these CTL, as well as determining whether there is any role for cellular
immunotherapy in patients who are receiving immunosuppressive agents.
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Figure 1.

CMV specific CTL from stem cell donors. Adherent cells from donor peripheral blood
mononuclear cells were pulsed with pooled CMV pp65 (donor 1 and 2); pp65 and IE1
peptides (donor 3, 4, 5, 6, and 7) and were incubated with donor peripheral blood
lymphocytes. Specific cytotoxicity was measured at day 10 of culture using B cell blasts
(BB) infected with either vaccinia encoding pp65 (A) or IE1 (B). IFN-y producing T cells
specific for CMV were analyzed by intracellular staining for pp65 and IE1 (panels C and D).
Autologous and allogeneic BB were used as negative controls. All CTL showed < 10%
cytotoxicity and < 0.1% IFN-y production to autologous and allogeneic BB. Note: donor 1
and 2 were not stimulated with 1E1.
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Cytotoxicity to CMV(IE1)

IE1

Patient T-cell responses after CMV specific CTL infusions. Patient peripheral blood
monocytes were pulsed with pooled CMV pp65 and IE1 peptides and incubated with
peripheral blood lymphocytes. Specific cytotoxicity to pp65 (A) and IE1(B) was measured
at day 10 of culture using B cell blasts (BB) infected with either vaccinia encoding pp65 or
IE-1 (vwp65; wIEL). IFN-y producing T cells specific for CMV were analyzed at 1-2
months post-infusion by intracellular staining to pp65 (C) and IE1 (D). Autologous and

allogeneic BB were used as negative controls.
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Figure 3.

T-cell responses of patient 5 after a CMV specific CTL infusion. (A) CMVpp65 and IE1
specific cytoxicity was detected at 4 weeks post infusion. (B) IFN-y production by CD8+
cells was also detected at 4 weeks post infusion.

J Immunother. Author manuscript; available in PMC 2013 April 1.



Page 12

Bao et al.

"DINNI-121U8D [edIP3IA SESUE JO AUISIBAIUN {HOT-[eNdSOH S,UaIpIYD aUIAST DINHS-1IUsD

[ea1paIN ABUSIaH 18IS Uuadd ‘4SDN-09S1ouBlH UBS Je BIUIOHED JO ANSIBAIUN :SI8)USD "MOJIBW SUOq PalHIpoWun ;powun ‘paja|dap (189 1 :gD.L Iouop pajejaiun paydjew :anIAl -Jouop palejal ‘[eanuapl
-o]dey uabrue a14203Nna| uewny :ojdeH ‘Aduaidiyapounwiwi paulquiod (81aAas) :a1(s) ‘sisoifaonsiyoydwA| onkoobeydowsH :HH ‘awoipuAs ansejdsApojaAw :SAIN ‘elwaxna] snouabojaAw ainde NV

HTH pawnsaid Joy
pasn sp10.a)s Jaye SEEINY NN
palindal elWalIA gAuaISueRl | auos|upald 1 s0TxG aaMm T powun-anin HIH/6T l
oM T 450N
0 01 00ST SY99M {/SBA ON T s0TxS'C Noam T aol-ojdeH alofsiesh g 9
smunal
AWD ‘uoisnjul ewoydwA|
-150d eIWaAIIA auosiupald HO1 anse|qoydwaA|
JusIWIBIU| SYO9M P/SAA /luanbe|d 2z s0TxG'C SRS aonl-ojdeH 1199 1/S1eak TT S
SM93M ¢ 450N
0 01 %502 S$Y93M 9/S3A ON T s0T%S stpuow g ao1-ojdeH alos/ow 6 4
S)9aM € SEEI auo OINHSd
0 010022 gAusIsuRl | siupaid/yso T s0T%S SY9aMm powun-aniAl | TINV/sIesk vT €
450N awoupuAs NB|
RIWAIIA JUd)SISIad «ON ON T s0TxS SHPM g aon.L-ojdeH JadAH/s1e9A ¢ 2z
SY9aM € 450N
00T 01 000C SYOIM /S8 A ON 4 g0Tx§ SHoOMY aol-ojdeH SAIN/ Siesh 6T T
(6110
AW |1 49A0 UoISyUl AWD+£AD )LD uoleAndeal
-150d S|9A91 YNA | Bulwiyasuodsas | uoissaaddns suoisnyul aiy19ads AIND AWD Jo} 181uaD/adAy JagquinN
AIND ul sabueyd LD AIND -ounwiwi| J0 JaquinN 10 350P |90 10s-1s0d awiy | jueidsuea) | sisoubeigseby | 109lgns
aw0d1NQ pue Ssalisiasloedey) jusiled
T9algel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Immunother. Author manuscript; available in PMC 2013 April 1.



