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The utilization of hematopoietic stem cell transplantation (HSCT) has been
rapidly growing due to multiple factors, including better availability of donors
and improved supportive care. Hyperbaric oxygen has been associated with the
improvement of hematopoietic stem cell (HSC) homing at the time of
transplant through lowering erythropoietin levels in preclinical studies. We
studied the role of hyperbaric oxygen (HBO) in the enhancement of
engraftment of HSC when utilized prior to umbilical cord HSCT and
autologous HSCT in two pilot clinical trials with excellent safety profiles. In
these two pilot studies, we observed an uncommon phenomenon post-
transplant, particularly a significant peripheral blood lymphocytosis and
lymphocyte infiltration of different tissues in 3/34 of HBO-treated patients.
This peripheral blood lymphocyte expansion was associated with various
clinical manifestations that can be confused with infections, inflammatory
conditions, or disease relapse. We hypothesize that this observation is related
to different immune reconstitution dynamics related to the use of HBO. While
the incidence is ~9%, this may have implications as HBO is being investigated in
larger clinical trials. This case series highlights the clinical presentation, course,
outcome, and potential implications of this significant rise in lymphocytes
when utilizing HBO before HSCT.
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Introduction

Hematopoietic stem cell transplant (HSCT) is the mainstay
in treating many types of malignancies and other benign
conditions (1, 2). Graft failure and delayed engraftment post-
HSCT increase the risk for mortality and significant morbidity
following HSCT in general and following allogeneic HSCT in
particular (3, 4). The readily available biobank-stored umbilical
cord (UC) is a great source of hematopoietic stem cells (HSCs)
(5, 6). However, the relatively small number of HSC in one UC
unit may cause insufficient HSC expansion, leading to higher
rates of graft failures and delayed engraftment post-UC-HSCT
compared to bone marrow and mobilized peripheral HSC source
(7, 8). The delayed engraftment of both neutrophils and platelets
leads to life-threatening infections and bleeding in addition to
the increased burden of transfusion requirement compared to
other sources of hematopoietic stem cells (8-10). However,
researchers have been developing strategies to increase the
number of hematopoietic stem cells in UC units either in vivo
or ex vivo (11). Preclinical experiments demonstrated that
hyperbaric oxygen (HBO) treatment before the HSCT could
improve homing of HSC in vivo during the transplant process
and speed up neutrophil and platelet engraftment, reducing the
risk of infections and bleeding during the critical period early
post-HSCT (12, 13). The same technique can be applied in
autologous hematopoietic stem cell transplant with the intent to
improve engraftment and to decrease hospitalization length.
Moreover, HBO has shown the potential to boost post-HSCT
immune reconstitution with faster B lymphocytes and NK cells
in patients undergoing UC-HSCT which may have implications
in reducing disease relapse and non-relapse mortality due to
infections (14). Early-phase clinical trials using HBO in both
UC-HSCT and autologous HSCT have been conducted and
showed safety and a signal of improved efficacy leading to
ongoing larger clinical trials (15, 16). Here, we highlight three
cases from two early-phase clinical trials utilizing HBO with
unique patterns of early lymphocytosis and associated
temporary clinical manifestations and potential implications
for long-term outcomes. Informed consent was obtained from
all patients before enrolling them in the clinical trial. On the day
of HSCT, oxygen was compressed to 2.5 atmosphere absolutes in
a monoplace hyperbaric chamber (Model 3200/3200R; Sechrist
Industries, Anaheim, CA 92807, USA). The patients were placed
in the chamber for a total of 120 min, breathing HBO for 90 min
with 10-min breaks of room air every 10 min. The autologous
HSC infusion was initiated 6 h after HBO therapy. All three
patients received HBO therapy between 2012 and 2013.

All the procedures followed were in accordance with the
ethical standards of the responsible committees on human
experimentation (institutional and national) and with the
Helsinki Declaration of 1975, as revised in 2008. The clinical
trial was approved by the institutional review board before the
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initiation of research and was registered at clinicaltrials.
gov (NCT02087657).

Cases

Case 1l

Our first case is a white male patient in his 60s who was
diagnosed with high-risk IgG kappa multiple myeloma and
underwent three autologous HSCTs. Initially, the patient
started on induction chemotherapy with bortezomib and
dexamethasone, followed by tandem autologous HSCT with
high-dose melphalan for conditioning. He was on bortezomib
maintenance and had disease progression 3 years after his
second auto HSCT. Multiple myeloma went into partial
remission with carfilzomib lenalidomide dexamethasone
followed by a third auto HSCT. He enrolled in the HBO trial
for his third auto HSCT and received high-dose chemotherapy
with the BEAM regimen (BCNU, etoposide, cytarabine,
melphalan). His early post-transplant course was complicated
by high fevers, rigors, extensive skin rash, and atrial fibrillation
with a rapid ventricular response (RVR) and hypotension. The
patient was transferred to the ICU and required broad-spectrum
empiric antibiotics. This raised suspicion of engraftment
syndrome or sepsis, but there was no evidence of diarrhea or
pulmonary edema which made engraftment syndrome less
likely. Moreover, his acute illness was associated with a
significant rise in his white blood cell count (WBC) with
lymphocyte predominance (peaking at 90% of total WBC at
5.2k/ul) 10 days post-transplant (Figure 1A). Peripheral blood
showed atypical lymphocytosis (Figure 1B), and flow cytometry
revealed an atypical T-lymphocyte phenotype, with a CD4 to
CD8 ratio of 1:1 and co-expression of CD15, CD38, and HLA-
DR. CD15, CD38, and HLA-DR are all T-cell activation markers,
and T-cell activation may explain the atypical morphology under
a light microscope (17, 18). The expression of mature T-cell
antigens CD2, CD5, and CD 7 and the lack of CD1a expression;
a characteristic of T cells with normal antigen expression were
observed (Figure 1C). There was a small population of T cells co-
expressing CD4 and CD8 which can be seen in non-malignant
T-cell proliferation. B cells were polyclonal with normal antigen
expression, and there was no evidence of an increased plasma
cell population.

There was also a small population of T cells co-expressing
CD4 and CD8. There were no CD38 bright plasma cells and no
evidence of an increased plasma cell population. All the workup
including viral serology, urinalysis, and blood cultures was
negative for any infectious etiology. The patient’s condition
improved subsequently, coinciding with the decline of
peripheral lymphocytosis spontaneously within a couple of
days without the administration of any systemic steroids. As a
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Lymphocytosis after engraftment. (A) Timeline for lymphocyte counts against days in relation to transplant marking when symptoms started and
resolved (black arrows). (B) Peripheral smear from a patient drawn on day 9 post-transplant at x100 magnification showing atypical
lymphocytes. (C) Flow cytometry gating of lymphocytes showing atypical antigen expression.

result, the patient was discharged home safely. The patient
achieved very good partial remission and was started on
thalidomide maintenance that continued for 2 years and then
stopped due to side effects. He was monitored off treatment until
he had evidence of disease progression 4 years and 5 months
from his third auto HSCT and was started on further treatment.
This is the longest time he has been in remission, compared to
3 years in remission after tandem auto HSCT, which is very
unusual after a third auto HSCT and may suggest a role of the
observed early lymphocytosis in controlling his multiple
myeloma. He remains alive more than 7 years after the third
auto HSCT and 11 years from the initial diagnosis.

Case 2

Our second case is a white male patient in his 30s, who was
diagnosed with refractory nodular sclerosis Hodgkin lymphoma
and received multiple lines of treatment, including doxorubicin,
bleomycin, vinblastine, and dacarbazine (ABVD) for two cycles
with a partial response, followed by bleomycin, etoposide,
doxorubicin, cyclophosphamide, vincristine, procarbazine, and
prednisone (BEACOPP), and finally brentuximab. His disease
was at a partial response, and he proceeded with autologous
peripheral SCT under the HBO protocol, around 7 months from
the original diagnosis. The patient received a BEAM
conditioning regimen. His post-transplant course was
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complicated by neutropenic fever, and he engrafted on day 14.
Interestingly, on day +75 post-transplant, he developed marked
lymphocytosis (the lymphocyte percentage peaked at 88% from
a total WBC of 6.7k/pl) that was associated with bilateral eye
pain, redness, and visual changes diagnosed as bilateral anterior
uveitis. Infections, autoimmune disease, and relapse of
lymphoma were the top differential diagnoses. A flow
cytometry analysis from his right eye aqueous humor did
show lymphocytes comprising 13% of the total events. Most
were T cells with a normal CD4:CD8 ratio and normal antigen
expression. B cells were absent, and there was no
immunophenotypic evidence of lymphoma. Cerebrospinal
fluid (CSF) analysis was significant for leukocytosis with a
total WBC of 55; lymphocytes represented 90% of the total
events. CSF flow cytometry revealed lymphocytes comprising
97% of the total events. The majority were T cells with a normal
CD4:CD8 ratio and normal antigen expression. B cells were
absent and there was no immunophenotypic evidence of non-
Hodgkin lymphoma. The patient was treated with local steroid
eye drops, and his eye symptoms started to improve and
completely resolved within 2 weeks. All the infectious work at
that point came back negative. The lymphocytosis resolved in
2 weeks. PET scan on day 100 showed complete metabolic
remission for the first time since his diagnosis. However, he
had evidence of relapse on imaging 3 months later, and a
decision was made to proceed with reduced intensity
conditioning allogeneic HSCT. He had localized disease
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recurrence 6 months after allogeneic HSCT and received
brentuximab and donor lymphocyte infusion. He achieved a
response, but he passed away from GVHD complications after
1 year and 4 months from allogeneic HSCT.

Case 3

Our third case is a white female patient in her 50s with
hepatosplenic T-cell lymphoma. The patient received four cycles
of cyclophosphamide, doxorubicin, vincristine, dexamethasone,
mesna, methotrexate, and leucovorin (hyper-CVAD), followed
by a single-unit UC-HSCT in the first complete remission on the
HBO protocol. She underwent a non-myeloablative preparative
regimen of fludarabine, cyclophosphamide, and total body
irradiation. Her post-transplant course was complicated by
stage II graft versus host disease in the gut and skin, which
responded to steroid treatment with a complete response. The
patient achieved neutropenic engraftment on day 25, and
peripheral blood chimerism testing on day 30 showed 99%
donor cells. Follow-up at day 100 post-transplant revealed
complete remission of the disease. However, on day +147
post-transplant, her CBC indicated persistent peripheral
lymphocytosis, ranging between 42% and 64% of the total
WBC, which persisted for several months. Lymphocytosis was
not associated with any systemic manifestations throughout.
Suspicion of relapse of the lymphoma led to bone marrow
aspiration and biopsy as well as bone marrow flow cytometry
showing that majority of the lymphocytes were T cells with a
mildly decreased CD4:CD8 ratio (0.9:1) and normal antigen
expression with no evidence of malignant cells. Repeated bone
marrow biopsy and flow cytometry were completed 2 months
later to rule out lymphoma again, showing similar results. Viral
serology was negative for CMV and EBV. Repeated imaging
showed that the patient was in complete remission and was still
in remission until her last follow-up 3 years after HSCT;
thereafter, the patient was completely lost to follow-up.

Discussion

Studies have shown the effect of erythropoietin on HSC
differentiation as erythropoietin induced HSC differentiation
into erythroid progenitors and reduced myeloid differentiation,
which increased the risk of delayed homing and engraftment
failure (19). Preclinical experiments in mice showed an
improvement in the kinetics and engraftment when using
HBO to decrease erythropoietin levels before transfusing UC
CD34" cells (12). Aljitawi et al. conducted the first pilot trial
investigating the role of HBO prior to UC-HSCT in humans
(15). The median time for neutrophil recovery was lower in the
population treated with HBO before UC-HSCT compared to the
control group (14 vs. 20.5 days, p = 0.11). Interestingly, the
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survival rate at 6-month follow-up was higher in the HBO group
compared to the control group (100% vs. 76%, respectively; 95%
CI, 50.1-79.4%, p < 0.0001). There was a significant faster
recovery of B cells as well as a trend toward a faster recovery
of NK cells. Another pilot clinical trial investigated the effect of
HBO pretreatment in patients receiving autologous
hematopoietic stem cells (20). In the 19 patients who
completed the HBO therapy, the median time for neutrophil
and platelet recovery in the HBO arm was 1 and 2 days,
respectively, earlier than the matched historical controls (16).

HBO exposure in preclinical trials led to leukocyte and
lymphocyte depletion. In addition, HBO exposure induced
abnormalities in other lymphoid organs, such as the spleen
and lymph nodes (21), which encouraged scientists to study
HBO exposure in humans further. In clinical studies, HBO
therapy caused a significant reduction in the CD4:CD8 ratio
and a decrease in lymphatic tissue proliferation, with a
concomitant increase in neutrophil activation. However, it did
not affect the total number of T cells, B cells, or natural killer cells
(22, 23). Such changes were utilized for the purpose of increasing
recovery and decreasing graft failure after organ transplant (24).
In contrast, UC-HSCs were found to inhibit the proliferation of
lymphocytes and the production of interleukin-2 (IL-2) in vitro
(25). Patients who underwent UC-HSCT were found to have
slower lymphocyte recovery in general and T cell in particular
compared to HSCT from matched donors (26, 27). The patterns
of lymphocyte recovery can be attributed to the effects of HBO
on the cytokine and hormonal milieu in the microenvironment
as HBO was administered prior to HSC infusion.

Interestingly, we observed differences in the three cases
involved in our pilot clinical trial that studied the effects of
HBO therapy on engraftment when given prior to UC-HSCT
and autologous HSCT. The incidence of this unique pattern of
lymphocytosis remains low (3/34). Despite the low incidence
rate (8.8%), it is important to recognize and highlight it since this
might affect early identification and treatment, especially if
associated with significant symptoms such as a rash that can
be confused with infections, graft versus host disease, drug
reactions, or even malignant disease relapse which adds
another layer of complexity to the care of patients post-HSCT.
The onset of lymphocytosis after HBO exposure was also
variable and ranged between days such as in one multiple
myeloma patient and a few months such as in two lymphoma
cases (Table 1). We assume that these findings occur as part of a
change in the inflammatory milieu and immune reconstitution
and not as a new transformation to lymphoma or other
malignant conditions, as there was no evidence for malignant
transformation to lymphoma in the blood, bone marrow, or
other body fluid by morphology or flow cytometry analysis. All
the episodes of lymphocytosis subsided spontaneously without a
specific systemic lymphodepleting treatment such as high-dose
steroids. The long-term outcome varied among these three cases;
nonetheless, prolonged remission states were observed in two of
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TABLE 1 Summary of cases.

10.3389/frhem.2022.1008363

Case 1 Case 2 Case 3
Onset day post-HSCT 4 75 147
Peak lymphocyte count (k/ul) 4.67 5.83 3.42
Duration of lymphocytosis (days) 7 15 270
Symptoms Fever, rigors, and rash Bilateral eye redness, pain, and vision changes ~Asymptomatic

Disease outcomes Partial/complete remission for >4 years

the three cases in a high risk of relapse setting. This may suggest
a beneficial effect on lymphocyte recovery in this small case
series. To our knowledge, this is the first published case series
documenting this unique pattern for lymphocyte recovery after
utilizing HBO therapy prior to HSCT. However, it is important
to recognize this phenomenon as larger-scale clinical trials
(NCT03739502, NCT03398200, NCT03964506) are ongoing to
test the efficacy of HBO employment further to improve
engraftment in recipients of UC-HSCT and autologous HSCT.
The ongoing clinical trials may provide insights into the
correlation between HBO and lymphocyte recovery and the
impact of this association, if present, on long-term outcomes.
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