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Aim: Traumatic brain injury is a complex condition consisting of a mechanical injury with neurovascular
disruption and inflammation with limited clinical interventions available. A growing number of studies
report systemic delivery of human umbilical cord blood (HUCB) as a therapy for neural injuries. Materials &
methods: HUCB cells from five donors were tested to improve blood-brain barrier integrity in a traumatic
brain injury rat model at a dose of 2.5 x 107 cells/kg at 24 or 72 h postinjury and for immunomodula-
tory activity in vitro. Results & Conclusion: We observed that cells delivered 72 h postinjury significantly
restored blood-brain barrier integrity. HUCB cells reduced the amount of TNF-« and IFN-y released by
activated primary rat splenocytes, which correlated with the expression of COX2 and IDO1.

Representative coronal sections from experimental groups injured with a sham injury (top left), a con-
trolled cortical impact (top right), or a controlled cortical impact and an infusion with human umbilical
cord blood cells (bottom left) 72 h after injury and imaged following intravenous infusion of a large far-
red fluorescent dye to visualize blood-brain barrier leakage at 96 h after injury. This technique is used to
qguantitatively measure vascular permeability as a biomarker for injury (bottom right).
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Each year approximately 1% of the population of developed countries sustain some form of brain injury (1] and
those injuries become one of the major causes of death, especially in young adults [2]. Developing relevant therapies
for brain injuries has proven to be challenging, particularly due to the insidious, progressive neurodegenerative
course of the disease. Cell damage, right after the primary insult to the brain, is irreversible and not amenable to
intervention. This primary injury triggers a cascade of molecular events that leads to a secondary injury causing
further neuronal damage [3]. Because restorative therapies targeting the underlying cause of brain injury do not
exist, stem cell therapies with anti-inflammatory, neuroprotective and regenerative potential hold great promise. In
the last decade, several studies showed administration of progenitor stem cells as a promising tissue repair strategy
in an injured brain (3-91. These cells improve the vascular microenvironment, promote axonal growth and exert
anti-inflammatory effects [10].

Human umbilical cord blood (HUCB), which is readily available at birth, is a rich source for progenitor stem
cells at different lineage commitment stages (hematopoietic, endothelial, mesenchymal and neural progenitor stem
cells) (11]. Cord blood is an accepted graft source for adult and pediatric patients in need of a hematopoietic stem
cell transplant and the use of cord blood-derived cells, outside the setting of hematological disease, is an active area
of investigation in various regenerative medicine applications [12]. Among the advantages of using HUCB cells are
that it can be collected in a noninvasive manner and it lacks the ethical considerations associated with research
utilizing other stem cell sources [13]. HUCB units can be stored in public banks where they are made available
to suitably matched, unrelated patients in need of a stem cell transplant as well as private banks for autologous
transplantation or as a donor source for first and second degree relatives [14]. In addition, due to higher number of
immature progenitor cells, and weak immunogenicity [15], HUCB requires less stringent human leukocyte antigen
(HLA) matching compared with bone marrow, extending the option for transplantation to patients who lack a
sufficiently matched sibling or bone marrow registry donor. Fewer HLA disparities between unit and recipient
result in lower transplant-related mortality and improved overall survival [16-18] and make these cells an accepted
alternative to bone marrow-derived cells for transplantation.

In addition to well-established applications in hematopoietic stem cell transplantation, these cells have the
potential to facilitate tissue repair in the CNS [19-22). HUCB cells have also demonstrated the capacity to modulate
immune and inflammatory reactions at cellular and molecular levels [23-26] and early-stage clinical trials point to
the safety of administering autologous HUCB cells in various neurological injuries [27,28). However, despite several
preclinical and clinical studies, little is known about the mechanism of HUCB cell-mediated immunomodulation.

To elucidate the therapeutic potential of HUCB cells, we utilized an experimental rat model of traumatic brain
injury (TBI). Neuroinflammation is salient part of the TBI pathophysiology [29,30] and blood—brain barrier (BBB)
disruption, a pathological hallmark of TBI, can be both a cause and an effect of CNS inflammation [31]. We
evaluated whether systemic administration of HUCB cells restores BBB integrity in experimental TBI. We further
investigated the immunomodulatory abilities of HUCB cells 77 vitro and the underlying mechanisms.

Materials & methods

Cord blood harvesting & processing

For this study, five HUCB units (CB-1, CB-2, CB-3, CB-4 and CB-5; see Table 1) were utilized. Informed written
consent was obtained from donors prior to delivery and all HUCB collections were from full-term births (defined as
>37 weeks gestation, based on self-reported data). The collection of HUCB was exempted from Institutional Review
Board approval. Following delivery, HUCB was collected into gravity bags containing 500 units of lyophilized
heparin. HUCB was then transported to Cord Blood Registry processing facility in Tucson, Arizona, and volume
and red blood cell reduced on automated and a closed AutoXpress® Platform (Cesca Therapeutics, Inc., CA,
USA) system. The resulting product was then transferred to a storage bag with a major and minor compartment
representing 80 and 20% volumes, respectively. All research presented here were performed using the major
compartment.

All the cord blood units were stored at -80°C upon arrival and were thawed in a 37°C water bath until sample
reaches a slushy/liquid consistency. Following processing, 1 ml of product was removed and assessed for hematologic
parameters including total nucleated cell (TNC) and mononuclear cell (MNC) counts on a Sysmex hematology
analyzer (model XE-2100 L, Sysmex America, IL, USA; Table 1), and viability was determined by propidium iodide
and acridine orange or 7-AAD staining. Cord blood units were cryopreserved in a 10% dimethyl sulfoxide/1%
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Table 1. Human umbilical cord blood unit information. Collected cords were anonymized prior to delivery by a third

party. The collection volume, viability prior to cryopreservation, adjusted total nucleated cell and mononuclear cell
counts, as well as the total nucleated cell fraction present in the ‘major’ compartment.

Unit ID Collection volume (ml) Postprocessing viability Postprocessing viable Postprocessing MNC (10°) Major compartment viable
(%) TNC (10°) TNC (10°)

CB-1 106.04 96.2 925.71 447.43 713.72

CB-2 65.95 85.4 1550.74 431.18 1195.62

CB-3 79.09 98.44 565.88 300.28 436.29

CB-4 128.97 98.77 1394.43 669.07 1075.11

CB-5 66.38 98.93 1083.4 325.83 903.84

MNC: Mononuclear cell; TNC: Total nucleated cell.

dextran 40 solution (final concentration; VWR International, PA, USA) using a microprocessor-controlled rate
freezer (Custom Biogenic Systems, MI, USA) with final storage in a cryogenic dewar (MVE, Pacific Science,
CA, USA) at -196°C in the vapor phase of liquid nitrogen. All cord blood units were processed within 48 h of
collection and were determined to be free of aerobic or anaerobic microbial contamination (BacT ALERT® 3D
system, bioMerieux, Marcy-I'Etoile, France). Cord blood storage bags were inspected for integrity upon retrieval
and shipped overnight on dry ice with a temperature-monitoring device (LogTag® TRIL-8, MicroDAQ, NH,
USA). Prior to infusion, cells were suspended in phosphate-buffered saline (PBS) at a concentration of 2.5 x 107
cells/kg (final volume: 1 ml). Throughout the experiment, we used parameters selected to be consistent with
real-world usage scenarios.

Controlled cortical impact rat model

All animal experiments were approved by the institutional Animal Welfare Committee of the University of Texas
Health Science Center at Houston (TX, USA) in compliance with the NIH Guide for the Care and Use of
Laboratory Animals.

For this study, we used an electromagnetic controlled cortical impact (CCI) device (Impact One Stereotaxic
Impactor, Leica Microsystems, IL, USA) to administer a unilateral mechanical brain injury in rats as described
previously [32]. Use of this device produces cortical contusion, disruption of BBB, hippocampal cell loss and overall
brain volume loss [33].

In brief, male Sprague-Dawley rats weighing 250-275 g were anesthetized with 4% isoflurane. The heads of
rats were then mounted in a stereotactic frame and held in a horizontal plane. A midline incision was made and
a 6-7 mm diameter craniectomy was performed on the right cranial vault. The center of the craniectomy was
placed at the midpoint between bregma and lambda, 3 mm lateral to the midline, overlying the temporoparietal
cortex. Rats received 3.1 mm depth of deformation with an impact velocity of 5.8 m/s and a dwell time of 150 ms
(moderate—severe injury) to the parietal association cortex orthogonal to the surface and at an angle of 10° from
the vertical plane. Sham injury was performed making a midline incision and separating the skin, connective tissue
and aponeurosis from the cranium. Incisions in both the sham operated and injury groups were closed using skin
clips.

Cell transplantation

A total of 60 rats were used in this study. Animals were divided into the following groups: CCI injury alone (n = 10);
CCI with CB-1 (cells delivered 24 h after the injury, n = 10); CCI with CB-1 (cells delivered 72 h after the injury,
n = 10); CCI with CB-2 (cells delivered 24 h after the injury, n = 10); CCI with CB-2 (cells delivered 72 h after the
injury, n = 10); and sham (n = 10). Prior to cell injection, cell viability was determined and cells were suspended in
PBS (final volume: 1 ml) for intravenous administration via tail vein at the dose of 2.5 x 107 cells/kg bodyweight.
CCI alone group received vehicle (PBS) and sham group only received an incision.

BBB permeability measurement

CCI rats that received cells at 24 h after the injury were analyzed for BBB permeability at 3 days postinjury and rats
that received cells at 72 h after the injury were analyzed for BBB permeability at 4 days postinjury. BBB permeability
was measured using a far red dye (Alexa Fluor 680, ThermoFisher Scientific, MA, USA) bioconjugated to a 10 kDa
dextran molecule as previously reported by our group [34] and has been used in several additional studies [32,35,36].
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In brief, 30 min prior to euthanasia, rats were intravenously injected with 1 ml of 1 mg/ml Alexa Fluor 680 dye.
Following exsanguination and 4% paraformaldehyde cardiac perfusion, the brains were harvested, sliced in 2 mm
coronal sections and scanned for Alexa Fluor 680 signal using an Odyssey laser scanner (LI-COR Biosciences, NE,
USA) in the 700 nm emission channel while autofluorescence was visualized in the nonspecific 800 nm emission
channel. A composite image was created for visualization purposes by adjusting the brightness and contrast to
accommodate the minimum and maximum intensity of the images and then overlayed by assigning the Alexa Fluor
680 a red color and the nonspecific fluorescence in the 800 channel a gray color. The signal intensity (amount
of dye accumulated) within the whole brain was calculated relative to sham rat brain. For the signal of intensity
calculation, regions of interest were created of uniform area to encompass the entirety of 62 mm slices from each
brain within a single image. The mean fluorescence and area of each region of interest was then measured using
a threshold set to exclude intensities below 1000 from analysis to remove background and autofluorescence. The
values were normalized to the sham controls from each cohort (two cohorts were used for the different time courses).

Primary splenocyte inhibition/activation assay

Sprague Dawley rats were purchased from Harlan (IN, USA) and splenocytes were isolated from those rats as
described previously [37). Briefly, the animals were housed on a 12 h light/dark cycle with ad libitum access to food
and water. After obtaining fresh spleen from male rat (250-300 g) under anesthesia, all connective tissues were
removed from the spleen by pushing it through a 70 pm mesh filter. The spleen tissue was then suspended in ice
cold PBS and centrifuged at 400 g for 8 min. After centrifugation, the supernatant was discarded, the tissue pellet
was resuspended in 5 ml of red blood cell lysis buffer (Sigma-Aldrich, MO, USA) and incubate on ice for 5 min.
The sample was then diluted with 5 ml of PBS and centrifuged at 400 g for 8 min. The supernatant was again
discarded and the reaming pellet was suspended in phenol-free RPMI with 10% FBS. After this, the sample was
titrated multiple times and then was run through a 40 pm mesh filter to remove clumps. The splenocytes count
and viability was then checked via Trypan blue exclusion. For the in vitro assay, splenocytes (2 x 10° cells/ml)
were activated with lipopolysaccharides (LPS) or concanavalin A (ConA), alone or in the presence of HUCB cells
(1:20; HUCB cells:splenocytes ratio) in a 96-well plates. LPS stimulates cells through TLR4, causing the release
of inflammatory cytokines and upregulation of costimulatory molecules on antigen-presenting cells and ConA
activates T cells. Both TLR4 and T-cell activation are linked to TBI. Culture supernatant was collected 24 h after
LPS treatment or 72 h after ConA activation and the samples analyzed utilizing a TNF-a or IFN-y (Biolegend,
CA, USA) and PGE2 (Cayman, MI, USA) ELISA kits following manufacturer’s protocol.

Real-time PCR

Cells were seeded at 10° cells per well in a 6-well plate. For each donor, the cells were grown with/without the
presence of TNF-a (20 ng/ml) or IFN-y (20 ng/ml) for 24 h. The following day, total RNA was extracted with
QIAGEN RNAeasy Micro Kit. Reverse transcription of RNA was performed using Multiscribe DNA polymerase
(Applied Biosystems), and Tagman Real-Time PCR (Applied Biosystems) was performed in 20 pl reactions on
an Applied Biosystems 7900 Real-Time PCR System. All procedures were conducted according to the manufac-
turer’s instructions. List of primers used: GAPDH (Hs02758991_¢g1), IDO-1 (Hs00984148_m1), PTGS2 (COX-2,
Hs00153133_m1), ILIRN (Hs00893626_m1) and TNFAIP6 (7SG-6, Hs01113602_m1), all from Applied Biosys-

tems.

Statistical analyses

All data are represented as means = standard deviation. Comparisons between means of each group were made with
the use of one-way analysis of variance followed by Tukey or Sidak’s post hoc correction for multiple comparisons.
Significance of correlations were determined by two-tailed Pearson’s coefficients of correlation. All statistics were

calculated using Graphpad Prism.

Results

HUCB cells delivered at 72 h postinjury effectively restore brain vascular integrity

In agreement with previous published reports on excellent cell viability/stability of cryopreserved HUCBs, cell
viability in this study after thaw/preinjection was approximately 80% in all cord blood units. We then used a
systemic dose of 25 x 10¢ TNC/kg body. We tested two different treatment schedules where HUCB cells from
two different donors (CB-1 and CB-2) were systemically delivered at either 24 or 72 h postinjury with BBB integrity
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Figure 1. Dye extravasation following human umbilical cord blood treatment for traumatic brain injury. Rats were
treated for a severe traumatic brain injury delivered by controlled cortical impact using 25 x 10° total nucleated
cell/kg from two different donors (CB-1, CB-2) delivered at 72 h after injury. After 96 h, respectively rats were injected
intravenously with a far-red fluorescent dye-conjugated dextran, followed by perfusion. Blood-brain barrier
permeability is then imaged using a laser scanner system (A) for quantitative analysis (B).

*p < 0.05; **p < 0.01; ***p < 0.001.

MFI: Mean fluorescence intensity.

assessed at 72 or 96 h, respectively. We observed that HUCB cells administered at 72 h after the injury resulted in
a significant reduction in the mean fluorescence intensity of dye extravasation at 96 h postinjury (p < 0.05). These
results indicated a treatment effect as restoration of BBB integrity (Figure 1). On the other hand, we did not observe
any treatment effect when cells were delivered 24 h postinjury (Supplementary Figure 1). Notably, treatment with
HUCSB cells administered 72 h postinjury also resulted in a significant decrease in the mean fluorescence intensity
when grouped by the combined donors, combined treatment timing and the total effects of treatment (Figure 2).

HUCB cells significantly suppress inflammatory responses in vitro

We have previously used a cytokine inhibition assay to measure the immunomodulatory capacity of various ther-
apeutic cell populations, wherein primary rat splenocytes are stimulated with either LPS or ConA, cocultured
with the cells of interest, and the accumulated TNF-a or IEN-vy is then assayed after either 24 or 48 h, respec-
tively [32,35-38]. Rat splenocytes are used as a reliable source of naive mixed leukocytes, simulating a systemic immune
response by allowing for cross-talk between various immune cells. LPS treatment primarily stimulates monocytes
and macrophages that rapidly respond by secreting copious amounts of TNF-o within hours that is readily detected
24 h later by ELISA. ConA preferentially binds to and activates T cells, resulting in the release of IFN-y that is
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Figure 2. Cumulative treatment effects of human umbilical cord blood on blood-brain barrier. The results of the blood-brain barrier
dye extravasation assay were pooled in various combinations to better assess the total treatment effect when human umbilical cord
blood were delivered at 72 h after injury (left), pooled by the individual donors (middle) or compiled from all treatment groups and all
treatment schedules tested (right).

*p < 0.05; ***p < 0.001.

easily measured after 48-72 h in culture. In typical cocultures with mesenchymal stem cells (MSCs), we observe a
significant decrease in TNF-a and IFN-y accumulation.

HUCSB cells from CB-1 and CB-2 were added to LPS or ConA-stimulated splenocytes at ratios ranging from
1:10 to 1:80 HUCB:splenocytes and cultured for 24 or 48 h, respectively. All HUCB donors and concentrations
significantly decreased the accumulation of TNF-a compared with splenocytes alone, with CB-1 demonstrating
a small-dose response (Figure 3A). We additionally measured the accumulation of PGE, in the cocultures, as we
have previously demonstrated that MSCs use PGE; to modulate TNF-a i vitro and that MSCs require COX2
to decrease neuroinflammation when used to treat CCI in rats [321. There was no significant change in PGE,
concentrations between control cultures and HUCB containing cultures (data not shown).

To address the possibility of donor variation and sampling error, we surveyed three additional HUCB donors
(CB-3, CB-4 and CB-5). Cells from all three HUCB units demonstrated a dose-response curve that significantly
decreased TNF-a at 1:20 and 1:40 HUCB:splenocyte ratios (Figure 3B). We also observed a significant decrease in
IFN-y accumulation after stimulation with ConA in at least the 1:20 ratio with all three donors, with indications
of a dose—response (Figure 3B).

The potential role of PGE, in the observed cytokine inhibition was assayed by ELISA from the LPS-stimulated
cocultures after 24 h (Figure 4). None of the cocultures demonstrated a significant change in the accumulation
of PGE, compared with the control splenocytes; however, the 1:20 dilution consistently demonstrated higher
amounts of PGE,; compared with the other dilutions tested, creating the appearance of a dose response where more
HUCSB in the cocultures resulted in an increase in PGE,.

To further investigate possible mechanisms of immune modulation by HUCB, we performed quantitative PCR
analysis of PTSG (COX2), IDO and TSG-6 in either normal cultures or after being exposed to TNF-a or IFN-y
to partially simulate the coculture conditions (Figure 4). In the control cultures, all three donors had comparable
expression of all three genes, with a maximum difference of 2.5-fold difference in expression (measured as AACt
relative to GAPDH and CB-5 control cells). Beyond this initial comparison, the three donors demonstrated differing
gene expression patterns in response to the cytokines for the three genes assayed with one exception: all three donors
demonstrated an increase in 75G-6 expression when stimulated with TNF-a, as would be expected based upon
the name, ‘TNF-a Stimulated Gene 6.

The immunomodulatory potential of HUCB cells correlates with the expression of COX2 & IDO
In an attempt to decipher the relationship between the expression of COX2, IDO, TSG-6, PGE, and anti-
inflammartory activity of HUCB cells in the activated splenocyte cocultures, we used correlational analysis to
further parse the results of the various assays (Supplementary Figures 2—4). We have grouped the correlating plots
according to gene expression, with R? values higher than 0.8 surrounded by a red box. The resulting data, while
limited to a small data set, present several likely conclusions.

First, expression of PTSG (COX2) directly correlates with the ability of HUCB to decrease TNF-a, resulting
in a decrease in accumulated TNF-a, but only when HUCB are exposed to TNF-a (Figure 5). This is consistent
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Figure 3. Human umbilical cord blood inhibits the release of TNF-o from activated splenocytes. Primary rat
splenocytes were isolated fresh and activated with either lipopolysaccharides or concanavalin A immediately prior to
the addition of human umbilical cord blood to culture. The resulting release of TNF-a and IFN-y was then assayed by
ELISA after 24 or 48 h in cultures (respectively). (A) Human umbilical cord blood significantly reduced the amount of
TNF-a released by lipopolysaccharides-activated splenocytes. (B) Three additional donors were used to assay donor
variability, with all three demonstrating a consistent dose response curve by TNF-a inhibition and IFN-y to a lesser
extent. All values are statistically different than positive control unless noted (O = not statistically significant
compared with positive control).

**p < 0.01.

sp: Splenocyte only negative control; sp* : Activated splenocyte only positive control.

with our previous work with other cell therapies, including MSC, and indicates a negative feedback or homeostatic
response. Similarly, the pretreatment of HUCB with IFN-y resulted in a direct correlation between P7SG (COX2)
and IFN-y inhibition (Figure 5). Surprisingly, both TNF-o and IFN-y treatments on HUCB resulted in a negative
correlation between expression of P7SG (COX2) and accumulated PGE,.

The relationship between the expression of /DO and HUCB activity contained additional interesting results.
Namely, /DO expression demonstrated a similar correlation with HUCB performance in the activated cocultures,
but under the opposite condition. Specifically, /DO induction by IFN-y exposure correlates with TNF-a inhibition,
while /DO induction by TNF-a exposure correlates with IFN-y inhibition (Figure 5).

Finally, we examined 7SG-6 expression as it relates to immunomodulation and PGE; concentration. Interestingly,
while there is a possible relationship between 7SG-6 induction by TNF-a and the ability to inhibit IFN-y, there is

a much stronger direct correlation between the expression of 75G-6 in response to TNF-ot and IFN-y stimulation
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Figure 4. Potential mechanisms of immunomodulation by human umbilical cord blood. The effects of human
umbilical cord blood on PGE; concentrations were assayed from the lipopolysaccharides-stimulated cocultures (top
left). Quantitative real-time PCR was used to evaluate expression of PTSG (COX2) from normal and TNF-a or IFN-y
exposed human umbilical cord blood (top right), IDO (bottom left) and TSG-6 (TNFAIP6; bottom right), resulting in
changes in expression (presented as delta-delta Ct or AACt relative to GAPDH and CB-3 control cells).

and the resulting measured concentration of PGE; in the cocultures, where increasing amounts of 7SG-6 expression
indicate increasing amounts of PGE, (Figure 5).

Discussion

In this study, we demonstrated the efficacy of umbilical cord blood cells from different donors on BBB integrity
in experimental TBI and reported the immunomodulatory abilities of HUCB cells 7z vitro. BBB damage is a
hallmark of TBI pathology (39]. Parenchymal and vascular damages due to mechanical injury to the brain lead to
BBB breakdown. Once this barrier is disrupted, secondary pathologies such as edema, inflammation and neuronal
hyperexcitability occur. These changes further trigger a cascade of additional pathomechanism that leads to perpetual
damage of neurons [40]. Several studies have utilized HUCB cells to treat TBI and other CNS injuries [21,41-44].
However, these studies were mainly focused on anti-inflammatory and neurogenesis/neuroprotective abilities of
cord blood cells. To best of our knowledge, there is no study that has demonstrated the effect of HUCB cells on

TBl-associated neurovascular pathology. We used the CCI rat model in this study because a concomitant alteration
in BBB following CCI in animals is well documented [32,35].
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Figure 5. Correlational analysis between data sets. The ability of human umbilical cord blood to inhibit IFN-y,
inhibit TNF-a in an activated splenocyte assay (Figure 3) or produce PGE; (Figure 4) was correlated with the expression
of COX2, IDO and TSG-6 after stimulating human umbilical cord blood with either IFN-y or TNF-a (Figure 4). The
resulting correlations were evaluated for significance using a two-tailed Pearson coefficient.

HUCB: Human umbilical cord blood.

In this study, we observed that systemic infusions of HUCB cells improved brain vascular integrity by reducing
the BBB leakage in CCI animals (Figure 1). We chose intravenous administration as the route for cell because
it is less invasive and clinically relevant. A previous study has also reported that intravenous administration of
HUCSB cells was at least as effective and/or more effective than direct intracerebral cell transplant in a stroke animal
model (45]. We infused 2.5 x 10”7 HUCB cells/kg bodyweight for the treatment. In an unpublished pilot study,
a lower cell dose (9 x 10 HUCB mononuclear cells/kg bodyweight) at 24 h postinjury in CCI rats failed to
show any effect on BBB permeability at 72 h after the injury (data not shown). Based on our pilot data, available
literature and current clinical trial designs using HUCB cells, the dose of this study was determined [27,28,46). We
observed no mortality and absence of any major sign of distress in CCI rats after the intravenous infusion of cells
and during the course of study.

As BBB permeability is a dynamic process that changes as a function of time after injury, there were a number
of considerations in designing our primary experiment. Several studies have reported a biphasic pattern of BBB
disruption after experimental TBI. Two peak phases of BBB leakage were reported to be within 24 h of injury and
then again at 48-72 h postinjury [31,47,48]. We used our previous experiences [32,35,49] and the reports from other
group to select a time point to evaluate the BBB where the cell therapy would have sufficient time to elicit an effect
while still being able to detect significant changes in BBB permeability, which becomes increasingly difficult more
than 96 h after injury. We found that HUCB cells infused 72 h after the injury were able to significantly decrease
(p < 0.05) the BBB permeability at 96 h postinjury (Figure 1), however, no therapeutic effect was observed in
the CCI rats that received cells 24 h after the injury (Supplementary Figure 1). Conventional wisdom has been
that earlier cell delivery, irrespective of mechanism of action, would be better and the majority of investigators
have indeed opted to administer cells in the acute phase of the injury (within 24 h after TBI) [s01. However,
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some investigators have also reported significant recovery after delivering stem cells as late as up to 1 week post-
TBI [51,521. Although further investigation is required to demonstrate mechanism of action of HUCB at different
time points postinjury, it is possible that the acute inflammation and hostile edematous CNS microenvironment
within 24 h of injury (53,54 may not be very conducive for infused cells to exert any therapeutic effect at early time
point. Nevertheless, the present study demonstrates that systemic infusion of HUCB cells in CCI rats is not only
well-tolerated but also improves brain vasculature integrity.

Another major repercussion of traumatic injury in the brain is an ensuing neuroinflammation (55]. In the event
of brain trauma, BBB breakdown permits infiltration of peripheral immune cells into the CNS leading to edema
formation and neuroinflammation [31]. This neuroinflammation in return further affect vascular permeability.
HUCSB cells have shown to effectively modulate immune and inflammatory responses in different neurological and
immunological conditions. However, not much information is available on underlying molecular mechanism by
which these cells modulate the immune response. We demonstrated HUCB cells were able to significantly reduce
the amount of TNF-a and IFN-y released by activated primary rat splenocytes in vitro (Figure 3A & B). We used
the activated splenocytes assays because of the inherent advantage of this assay in monitoring immunomodulatory
potential of therapeutic cells. Splenocytes contain an unrefined mixture of leukocytes capable of creating incredibly
complex signaling pathways in the context of an inflammatory response. In this study, the demonstration of
HUCB-mediated immunomodulation of global inflammation is valuable in understanding the potency of these
cells to treat neuroinflammatory condition like TBI.

It is important to note that HUCB contains a mix of cell subsets, including endothelial progenitor cells, MSCs,
Tregs and suppressive monocytes. Although it is not very well understood how each of the different UCB-derived
cells contributes to overall efficacy, it is possible that the therapeutic benefits observed in this study could be
attributed to different HUCB cell populations. Previous studies have shown a negative linear correlation between
CD347 cell and BBB permeability in TBI [s6] and endothelial progenitor cells, Tregs and monocytes in HUCB
were found to modulate the peripheral and central immune response [57].

Our intent in this work was primarily to investigate the efficacy of HUCB to treat TBI using BBB as a
biomarker for therapeutic activity. As a secondary goal, we sought to address several possible mechanisms of
immunomodulation using our experience in the use of MSC and recent reports in the literature to assemble a
short list of possible candidate mechanisms, including COX2/PGE,, /DO and 7SG-6. We observed that COX-2,
IDO, TSG-6 and PGE, all have a role in the mechanisms by which HUCB modulate TNF-a and IFN-y by
virtue of correlations. An important note is that any conclusion based upon correlational analysis performed with
this limited data set may be premature, additional donors and replicates would further strengthen the putative
relationships between gene expression, gene induction, PGE; secretion and immunomodulatory action. A lack of
statistical significance in some comparisons due to a limited sample size in this study may partially be ameliorated by
existing strong literature support in parallel studies using subpopulations of HUCB [26,58,591. Another limitation of
this study is that the candidate mechanisms investigated are far from comprehensive, and additional targets would
likely be implicated by a more thorough evaluation of the transcriptome, secretome and proteome. The study was
limited by technical obstacles involved with working with HUCB cells, such as the finite supply of cells from each
donor, assuming the cord blood units are not expanded ex v7vo and the intent to utilize the cells in a timely fashion
with respect to the initial injury thereby precluding subculture. It is likely that there are many dynamic mechanisms
of action by which HUCB cells can modulate inflammation as both a contributor and modulator of an immune
response. This may include direct activity through traditional pro- and anti-inflammatory cytokines, as well as
autocrine and paracrine activity through growth factors, metabolites and contact-mediated mechanisms.

In our previous work, we were able to demonstrate a strong predictive link between MSC expression of COX2
and production of PGE, 321. While COX2/PGE, is involved in decreasing both TNF-at and IFN-y in the activated
splenocytes in this study, it is likely one component of a larger response that is specific to each cytokine. Inverse
relationship between P7SG and PGE2 indicates the presence of a confounding or masking condition. This could
be due to the simplicity of using TNF-o/IFN-y alone to model an inflamed system. The complementary role of
PTSG/COX2 and IDO is indicated, whereby TNF-a treatment results in correlation between COX2 and TNF-a
inhibition and /DO and IEN-y activity, while IFN-y treatment results in the opposite. This observation positions
IDO as being a complementary mechanism, whereby HUCB cells may be able to further regulate inflammatory
cascades. Additional mechanistic studies are required to fully understand the relationship between these genes, cell
therapy and immunomodulatory activity. 7SG-6/PGE2 relationship in this study indicates that 7SG-6 may be
coexpressed with PGE2. Interestingly, comparing the expression of the three genes in each condition results in
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only positive correlations in the control cultures (data not shown). P7SG and 75G-6 have an inverse relationship
in expression when induced by IFN-y, while /DO and 75G-6 have inverse correlation after treacment with TNEF-
a. No correlations were detected between PTSG and /DO. Similarly, despite colloquial observations, no strong
correlations were detected between PGE2, TNF-o inhibition and IFN-y inhibition at any of the HUCB:splenocyte
concentrations tested. Additional work is required to fully establish the natural range of donor variability and the
possible effects of real-world handling on HUCB biology and therapeutic potential.

Conclusion

Standardized protocols to manage severe TBI are multifactorial and include maintenance and/or support of cerebral
perfusion pressure and intracranial pressure. Although these practices can stabilize a patient who is already injured,
they are incapable of reversing primary or secondary injury. The future of TBI care lies in development of therapies
focused on limiting secondary injuries and enhanced repair of brain. This preclinical study indicates that HUCB
cells have potential to repair BBB and ammoniate neuroinflammation in TBI. These results indicate that HUCB
cells may be useful and feasible for treatment of brain injuries.

Translational perspective
HUCSB cells have a long history of clinical use and a well-understood human safety profile, making this cell therapy
highly useful to treat traumatic brain injury with an accelerated translational pathway to clinical trials.

Data availability

The primary data supporting this work are not publicly available due to terms of the sponsored research agreement
between the University of Texas Health Science System and Cbr Systems, Inc. However, data may be made available
upon reasonable request from the corresponding author with the consent of Cbr Systems, Inc.

Summary points

e Human umbilical cord blood (HUCB) cells have pleiotropic effects in traumatic brain injury.

e Systemic single-dose infusion of HUCB cells significantly restored blood-brain integrity in experimental traumatic
brain injury.

e HUCB cells have shown strong immunomodulatory abilities in vitro.
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