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Systemic inflammatory response syndrome (SIRS) is a rare
systemic inflammatory response associated with fever,
tachycardia, profound hypotension, and respiratory dis-
tress, which has been reported in cancer patients receiv-
ing T cells genetically modified with chimeric antigen
receptors to retarget their specificity to tumor-associated
antigens. The syndrome usually occurs following sig-
nificant in vivo expansion of the infused cells and has
been associated with tumor destruction/lysis. Analysis of
patient plasma has shown elevated cytokine levels, and
resolution of symptoms has been reported after adminis-
tration of steroids and/or antibodies (such as anti-tumor
necrosis factor and anti-interleukin (IL)-6 receptor anti-
bodies) that interfere with cytokine responses.To date,
SIRS has not been reported in subjects receiving geneti-
cally unmodified T cells with native receptors directed
against tumor antigens, in which greater physiological
control of T-cell activation and expansion may occur.
Here, however, we report a patient with bulky refrac-
tory Epstein-Barr virus (EBV)-associated lymphoma,
who developed this syndrome 2 weeks after receiving
T cells directed against EBV antigens through their native
receptors. She was treated with steroids and etanercept,
with rapid resolution of symptoms. SIRS may therefore
occur even when T cells recognize antigens physiologi-
cally through their “wild-type” native receptors and
should be acknowledged as a potential complication of
this therapy.

Received 26 December 2013, accepted 11 March 2014, advance online
publication 15 April 2014. doi:10.1038/mt.2014.48

INTRODUCTION

Several recent reports have described encouraging clinical
responses in patients receiving T cells genetically modified to
express a chimeric antigen receptor (CAR) targeting CD19, a
B-cell lineage-specific antigen expressed on B-cell leukemia or
lymphoma cells."” In many of these patients, tumor response
was associated with a marked expansion of CAR-modified T
cells, often accompanied by a “cytokine storm” characterized

by elevated levels of cytokines, including interleukin (IL)-6 and
tumor necrosis factor-o. (TNF-o), in the bloodstream. This has
been attributed to the activation of tumor-directed T cells via their
artificial receptors, which usually incorporate costimulatory moi-
eties, followed by recruitment of other immune system effectors.
Clinically, the presentation is similar to systemic inflammatory
response syndrome (SIRS), a syndrome characterized by fever,
tachycardia, and hypotension, which has also been observed after
administration of cytokines or some monoclonal antibodies.® The
episodes occurring in recipients of CAR-modified T cells have
been successfully treated with steroids or antibodies to tumor
necrosis factor-o. and IL6 receptor.’

By contrast, such complications have not previously been
reported in subjects (numbering >150) who have received T cells
expressing native receptors directed to tumor-associated Epstein-
Barr virus (EBV) antigens, a difference that has been attributed to
the more physiological antigen-receptor interactions that occur
in this setting.'” Here, however, we now describe a SIRS-like syn-
drome that developed in a patient who received a T-cell product
that was not genetically modified with a CAR but that recognized
viral antigens through native receptors.

RESULTS

Patient history

CAGT #3022 is a 19-year-old female with relapsed EBV-negative
Hodgkin lymphoma who received a 9/10 human leukocyte antigen
(HLA)-matched (DRB1 mismatch) transplant from an unrelated
donor after conditioning with 600-cGy total body irradiation,
fludarabine, and campath. Three months after transplant, she
developed rapidly progressive EBV posttransplant lymphoprolif-
erative disease with a rapid elevation in EBV DNA and positron
emission tomography imaging showing extensive lymphadenopa-
thy (Figure 1).

She received two doses of rituximab, but after an initial fall in
EBV DNA, clinical examination and computed tomography scan
showed progressive disease with development of lymph nodes in
the neck, chest, abdomen, and elsewhere. Lactate dehydrogenase
levels increased to 2,000 international units (IU), and bone marrow
analysis showed an increased EBV viral load of >100,000 copies per
microgram of DNA. Biopsy confirmed EBV-positive polymorphic
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Figure 1 Clinical response to VSTs. The patient was infused with donor-
derived virus-specific T cells at a dose of 5x10°¢ cells/m? (dose level 1).
Before receiving the cells, the patient had received rituximab twice. (a)
The patient’s EBV load over time, with arrows indicating the time points
at which rituximab and T cells were administered. (b) Extensive disease
on the PET-CT scan before SIRS and complete resolution on the follow-
up scan 6 weeks later. EBV, Epstein-Barr virus; PET-CT, positron emis-
sion tomography—computed tomography; SIRS, systemic inflammatory
response syndrome; VST, virus-specific T cells.

posttransplant lymphoproliferative disorder. We obtained approval
to treat her on a single-patient protocol on an established investiga-
tional new drug application with donor-derived ex vivo-expanded
T cells that can be specific for up to five viruses including EBV"!
(see Figure 2 for phenotype and specificity of the infused line), and
she received a single dose of 5x10° cells/m? with no immediate
adverse effects. By 2 weeks postinfusion, her peripheral blood EBV
DNA fell to the normal range and her clinical status improved,
coincident with repeat imaging showing smaller nodes and ade-
noids and resolution of lung changes (Figure 1).

Two weeks after receiving virus-specific T cells (VSTs), she
developed a new fever and was started on antibiotics. Over the
next day, she developed skin rash, tachycardia, and hypoten-
sion and was transferred to the intensive care unit for inotropic
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support with dopamine and norepinephrine. She did not show
any evidence of tumor lysis syndrome, and lactate dehydro-
genase had already fallen to the normal range. After sepsis was
excluded, she was given empirical etanercept and methylpred-
nisolone (1 mg/kg daily, x2). Her symptoms resolved within a few
hours, and inotropic support was discontinued. Nine months after
receiving VSTs, she remains well, and her EBV lymphoma remains
in remission. However, her Hodgkin lymphoma progressed with
R cervical node and mediastinal disease (biopsy confirmed as
CD30-positive and EBV-negative), and she is receiving therapy
with brentuximab.

T-cell persistence

We tracked cellular immune reconstitution postinfusion. Figure 3
shows that there was a rapid rise in total lymphocyte count at
week 2 when SIRS occurred. Subset analysis demonstrated that
equivalent expansion occurred in both CD4+ and CD8+ T-cell
compartments.

EBV-specific T-cell activity

To determine whether the rise in total lymphocyte count was due
to selective expansion of EBV-reactive cells, we tracked functional
T-cell responses by interferon (IFN)-yenzyme-linked immunospot
(ELIspot) assay, stimulating the lymphocytes with the EBV anti-
gens Epstein-Barr nuclear antigen 1 (EBNA1), latent membrane
protein 2 (LMP2), and BZLF1 to which the infused T-cell line had
responded (Figure 4). Preinfusion, the EBV load in peripheral
blood was 22,364 copies/pg DNA and the patient had evidence
of circulating EBV-specific T cells against EBNA1 and LMP2 (43
and 200 spot-forming cells (SFCs) per 5x10° peripheral blood
mononuclear cells (PBMCs), respectively), with no activity against
BZLF1 (0 SFC per 5x 10° PBMCs). Two weeks postinfusion, dur-
ing the episode of SIRS, the EBV load had decreased to 1,002
copies/ug DNA, whereas the frequency of EBV-reactive T cells
had increased to 124, 300, and 79 SFCs per 5x 10° PBMCs against
EBNA1, LMP2, and BZLFI, respectively. The administration of
solumedrol and etanercept between weeks 2 and 3 postinfusion
reduced the numbers of T cells reacting to EBNA1 (decrease to 25
SFCs) and BZLF1 (decrease to 13 SFCs) at week 3, although the
numbers of LMP2-reactive T-cells continued to increase (687 SFCs
at week 3). However, 3 weeks later (at week 6 postinfusion), the fre-
quency of T cells directed to EBNA1, LMP2, and BZLF1 had again
increased to 54, 730, and 208 SFCs per 5 x 10° PBMCs, respectively.
This secondary expansion, however, was not associated with the
recurrence of SIRS. The patient also had increased T cells directed
against the adenovirus antigens hexon and penton compared with
the levels at week 4 postinfusion, although polymerase chain reac-
tion studies did not detect any adenovirus in the peripheral blood.
The subject also had transient reactivations of both BK virus (BKV)
and human herpes virus 6 (HHV®6) in the peripheral blood, both
of which cleared following an increase in the frequency of T cells
reactive against both viruses (Supplementary Figure S1).

Cytokine profile

Figure 5 shows the plasma cytokine profile pre- and post-VST
infusion. There was an elevation in IL5, IL13, IL10, IL6, and IFNYy
levels (range: 5- to 69-fold change relative to baseline) at 2 weeks
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Figure 2 Immunophenotype and specificity of VST line. (a) The phenotype of the VST line on the day of cryopreservation. (b) The frequency of AdV-
(Hexon and Penton), CMV- (IE1 and pp65), EBV- (LMP2, EBNAT1, and BZLF1), BKV- (large T (LT) and VP1), and HHV6 (U11, U14, and U90)-reactive
T cells in the VST line as measured by IFNy enzyme-linked immunospot analysis per 2 x 10° input cells. Control was IFNy release in response to stimula-
tion with no pepmix. AdV, adenovirus; BKV, BK virus; CMV, cytomegalovirus; EBNAT, Epstein-Barr virus nuclear antigen 1; EBV, Epstein-Barr virus; HHV,

human herpes virus; IE1, immediate-early 1; IFN, interferon; LMP2, latent membrane protein 2; pp65, phosphoprotein 65; VST, virus-specific T cells.
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Figure 3 Immune reconstitution. This figure shows the frequency of
lymphocytes, monocytes, and granulocytes (% of total) before and at
weeks 1, 2, 3, 4, 6, 8, and 12 postinfusion. Between the infusion and
week 2 (period when SIRS occurred), the lymphocytes increased sub-
stantially (from 2.88% to 44% of total white blood cells). SIRS, systemic
inflammatory response syndrome.

postinfusion, coincident with the onset of SIRS. Following
administration of etanercept and solumedrol (with resolution of
SIRS), cytokine levels returned to baseline at week 3 postinfusion.

DISCUSSION

This patient treated for a bulky EBV lymphoma with multivi-
rus-specific T cells active against EBV, adenovirus, BKV, and
HHV6 subsequently developed a clinical syndrome consistent
with SIRS at 2 weeks postinfusion, but she responded to steroids
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Figure 4 Immune response to EBV. This graph shows the EBV load
(dotted line) on the day of infusion as well as the precursor frequency
of T cells directed against the EBV antigens targeted in the infused T-cell
line—EBNA1, LMP2, and BZLF1—before and after infusion. The time
points at which etanercept and solumedrol were administered are also
indicated. EBNAT, Epstein-Barr virus nuclear antigen 1; EBV, Epstein-Barr
virus; LMP2, latent membrane protein 2.

and etanercept. A SIRS-like syndrome associated with elevated
cytokine levels has been reported in several studies using T
cells modified with CARs'>'>"* and in studies that evaluated
administration of the CD19/CD3-bispecific T-cell receptor-
engaging antibody blinatumomab;® however, this study reports
such a syndrome developing in a recipient of T cells recogniz-
ing tumor-expressed antigens via their native receptors.
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Figure 5 Cytokine levels. The figure shows the cytokine profile before
and after T-cell infusion. There was an elevation in IL5, IL13, IL10, IL6,
and IFNy levels at 2 weeks postinfusion coincident with the onset of
SIRS, which had returned to baseline levels by week 3 postinfusion, asso-
ciated with the administration of etanercept and solumedrol. GM-CSF,
granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL,
interleukin; SIRS, systemic inflammatory response syndrome; TNF, tumor
necrosis factor.

CAR-modified T cells with costimulatory moieties included
in the construct are subject to nonphysiological stimulation.
Moreover, naive T cells may also be transduced, further predis-
posing recipients to this complication. We have completed several
studies using virus-specific T cells with memory cell phenotype
generated by exposure to viral antigens, and until now, we have
not observed SIRS.'*-'” However, we have recently modified our
manufacturing methodology to rapidly generate virus-specific
T cells using overlapping peptide pools as a stimulus followed
by a 10-day expansion phase in the presence of the cytokines IL4
and IL7. These virus-specific T cells may be more predisposed
to activation if they contain fewer memory cells and more naive
cells than previous preparations. Contradicting this hypothesis,
however, the phenotype of this and other lines generated with
the shorter manufacturing process showed no difference in the
proportions of memory and naive cells, although the rapidly gen-
erated VSTs contained greater numbers of cells expressing mark-
ers associated with a central memory phenotype (CD45RO+CD
62L+).1718

This episode of SIRS following the infusion of rapidly gener-
ated T cells with native antigen specificity prompted us to review
our experience with 175 patients treated on other clinical stud-
ies with either donor-derived EBV or multivirus-specific T cells
generated using longer ex vivo culture times.'*'-® This review
of >20 years of clinical data identified only one other patient
who may have had a syndrome consistent with SIRS. Similar
to patient #3022, this subject was treated for bulky EBV post-
transplant lymphoproliferative disease with extensive pharyn-
geal involvement and had a vigorous inflammatory response
with an immune infiltrate of genetically marked cells apparent
on follow-up biopsy." This response produced progressive air-
way obstruction and mucosal sloughing, ultimately requiring
mechanical ventilation. He also had reversible cardiac impair-
ment and fevers during this response, but he subsequently made
a full recovery and remains well >10 years later. Cytokine panels
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were not available when he was treated (in 1996), so we cannot
definitively conclude that this was SIRS, but it seems likely.

Because this syndrome has clinical features similar to those
seen in sepsis, it is important to exclude underlying bacterial,
viral, or fungal infection. In our patient, there was no evidence of
any infections other than EBV. In retrospect, some adverse events
reported after T-cell infusions that were originally attributed to
sepsis may in fact have been due to SIRS," and cytokine levels
should be checked in patients presenting with this clinical picture.
The cytokine levels we observed are somewhat different from
those reported by other investigators whose patients developed
SIRS after administration of CD19 CAR-modified T cells incorpo-
rating the 41BB costimulatory endodomain.? These investigators
did not report IL5 or IL13 levels in their studies, but they observed
substantially elevated levels of IL6, IFNY, and IL10. For example,
Grupp et al. reported >100-fold increase relative to baseline for
IL10 and IL6 and >1,000-fold increase for IFNY.” By contrast, our
subject had <15-fold increase for IFNy and <10-fold increase for
IL6 and IL10. We obtained samples at the time of peak SIRS symp-
toms and snap-froze the material, so we believe that these differ-
ences are physiological and not the consequence of differences in
sample handling.

Although our experience suggests that SIRS is rare in patients
receiving donor-derived T cells to treat viral infections (2 of 175
patients), the risk of this complication may be elevated when treat-
ing patients with bulky disease that can induce marked expansion
and activation of the infused T cells. Patients who develop symp-
toms consistent with SIRS in the absence of other causes should
therefore have plasma cytokines measured and be treated with
steroids or other immune suppression regimens. It may be help-
ful to measure plasma cytokines to follow responses to therapy or
possibly to identify inflammatory pathways as potential therapeu-
tic targets.

MATERIALS AND METHODS

Patient. This patient was treated on a single-patient protocol on an estab-
lished investigational new drug application approved by the US Food and
Drug Administration, the Institutional Review Board, and the National
Marrow Donor Program’s Institutional Review Board. The parent proto-
col is open to recipients of allogeneic hematopoietic stem cell transplant
who are at least in the 30th day posttransplant, have a life expectancy >30
days, with no severe kidney or liver disease, and without graft-versus-host
disease of grade >2. Because the patient in this study was critically ill with
progressive EBV lymphoma, we obtained approval from the US Food and
Drug Administration to treat her on a single-patient protocol with donor
multivirus-specific T cells.

VST generation. A VST line from the transplant donor was generated as
previously described." Briefly, donor PBMCs were stimulated with over-
lapping peptide pools spanning target antigens for EBV, cytomegalovirus
(CMYV), adenovirus, BKV, and HHV6 viruses in the presence of the pro-
survival cytokines IL4 and IL7. On days 9-11 of culture, VSTs were har-
vested, and samples were sent for quality assurance/quality control testing,
as well as for phenotypic and functional studies. The remaining cells were
cryopreserved for clinical use. Release criteria for VSTs included viability
>70%, negative culture for bacteria and fungi after 7 days, endotoxin test-
ing <5 EU (endotoxin units)/ml, negative result for mycoplasma, <10%
killing of recipient/haploidentical phytohemagglutinin (Sigma-Aldrich,
St Louis, MO)-activated lymphoblasts at a 20:1 ratio, and human leukocyte
antigen identity.
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Enzyme-linked immunospot assay. Enzyme-linked immunospot analysis
was used to quantitate the frequency of T cells secreting IFNYy in response
to EBV, HHV6, BKV, adenoviral, and CMV antigen exposure.'"** SFCs and
input cell numbers were plotted, and the frequency of T cells specific to
each antigen was expressed as specific SFCs per input cells.

Detection of EBV, CMV, BKV, HHV6, and adenovirus DNA in PBMCs. To
quantitate EBV load in patient blood, DNA was isolated from 3- to 5x 10°
PBMCs using an anion exchange column (Qiagen, Valencia, CA). The
resulting DNA (500ng) was analyzed by quantitative polymerase chain
reaction, as previously described.» Adenovirus, BKV, HHV6, and CMV
DNAs were quantified by Viracor IBT Laboratories (Lee’s Summit, MO).

Cytokine assay. The patient’s blood was collected before infusion and at
weeks 1, 2, 3, 4, and 6 postinfusion in heparin tubes and centrifuged for 5
minutes. Plasma was immediately collected, snap-frozen, and stored at =20
°C. The Milliplex Human Cytokine Immunoassay (Catalog #HSCYTO-
60SKPMX13) (Millipore, Billerica, MA), which detects IL1j3, IL2, IL4, IL5,
IL6, IL7, IL8, IL10, IL12p70, IL13, IENY, granulocyte-macrophage colony-
stimulating factor and tumor necrosis factor-o, was used to assess cyto-
kine levels in the banked plasma samples. The assay was performed as per
manufacturer’s instructions, and samples were analyzed on a Luminex 200
(XMAP Technology, Austin, TX).

SUPPLEMENTARY MATERIAL
Figure $1. In vivo expansion and clinical benefits of VSTs.
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