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A B S T R A C T
In utero hematopoietic cell transplantation (IUHCT) offers the potential to achieve allogeneic engraftment and
associated donor-speciﬁc tolerance without the need for toxic conditioning, as we have previously demonstrated in the murine and canine models. This strategy holds great promise in the treatment of many
hematopoietic disorders, including the hemoglobinopathies. Graft-versus-host disease (GVHD) represents the
greatest theoretical risk of IUHCT and has never been characterized in the context of IUHCT. We recently described a preclinical canine model of IUHCT, allowing further study of the technique and its complications.
We aimed to establish a threshold T cell dose for IUHCT-induced GVHD in the haploidentical canine model
and to deﬁne the GVHD phenotype. Using a range of T cell concentrations within the donor inoculum, we
were able to characterize the phenotype of IUHCT-induced GVHD and establish a clear threshold for its induction between 3% and 5% graft CD3+ cell content. Given the complete absence of GVHD at CD3 doses of 1%
to 3% and the excellent engraftment with the lowest dose, there is a safe therapeutic index for a clinical trial
of IUHCT.
© 2018 American Society for Blood and Marrow Transplantation.

INTRODUCTION
In utero hematopoietic cell transplantation (IUHCT) is a
nonmyeloablative approach capable of achieving allogeneic
mixed hematopoietic chimerism and associated donorspeciﬁc tolerance (DST) without conditioning under speciﬁc
experimental circumstances [1]. We previously demonstrated that an optimized approach in the preclinical canine
model yields stable and consistent engraftment associated
with levels of hematopoietic chimerism suﬃcient for the
uniform induction of DST and that are potentially therapeutic for many hematopoietic disorders [2]. That study conﬁrmed
in a preclinical model the potential for IUHCT in the treatment of many hematopoietic disorders, including the
hemoglobinopathies [3-6]. However, its risks need to be well
understood before clinical translation. Although not observed in our canine model, graft-versus-host disease (GVHD)
represents the greatest theoretical risk of this procedure, and
this risk has not previously been well characterized in the
context of IUHCT.
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Some murine studies have suggested that GVHD may occur
after IUHCT based on observations of decreased survival and/
or upregulation of T cell regulatory populations [7], but efforts
to deﬁne the relationship between IUHCT and GVHD in
murine models have been hampered by a bone marrow (BM)
T cell proﬁle requiring artiﬁcial supplementation with
splenocytes for suﬃcient T cell–effector function [8]. The dog
model of GVHD has been well established in postnatal BM
transplantation (BMT) as an excellent predictor of clinical
results [9,10], and in this study we sought to (1) determine
whether GVHD could be induced in recipients of IUHCT, (2)
characterize the GVHD response in this context, and (3) deﬁne
a safe T cell threshold for clinical application of IUHCT. We
now report a canine model of IUHCT-induced GVHD dependent on T cell concentration within the graft, with clinical
features similar to postnatal GVHD that supports a safe therapeutic index for clinical trials of IUHCT.
METHODS
Animals
Time-dated pregnant female beagles were purchased from Covance Research Products, Inc. (Cumberland, VA), which maintains a closed colony with
an inbreeding coeﬃcient of <.3%. Pregnancy was conﬁrmed by transabdominal ultrasound (Acuson Sequoia; Siemens, Malvern, PA) upon arrival.
Animals were housed in the Laboratory Animal Facility of the Abramson Research Center at The Children’s Hospital of Philadelphia, which is approved
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by the Association for Assessment and Accreditation of Laboratory Animal
Care. All experimental protocols were approved by the Institutional Animal
Care and Use Committee at The Children’s Hospital of Philadelphia and followed guidelines set forth in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.
BM Harvest and Processing
BM was harvested under sterile conditions from the pregnant mother
under general anesthesia (see Supplemental Methods). Mononuclear cells
were isolated using a Nycoprep 1.077A (Accurate Chemical, Westbury, NY)
density gradient. CD3 depletion used monoclonal anti-canine CD3 CA17.2A12
(AbD Serotec, Raleigh, NC). Cells were then incubated with rat anti-mouse
IgG1 microbeads and sorted via AutoMACS (Miltenyi, Auburn, CA). CD26 inhibition was performed as previously described [11] (see Supplemental
Methods).
In Utero HCT
CD3 selected and depleted fractions after AutoMACS processing were
analyzed for CD3 and CD34 content by ﬂow cytometry, using anti-canine
CD34PE (1H6) (BD Pharmingen, San Diego, CA) or anti-canine CD34FITC (ABD
Serotec) and anti-canine CD3FITC (ABD Serotec). A portion of the CD3+ population was added back to achieve ﬁnal CD3+ concentrations of 3%, 5%, or
7.5% of the total administered donor cells for each group. Additionally, 1 group
underwent injection of whole maternal BM with a CD3+ concentration of
16%. For injection, cells were resuspended in normal saline with 1% heatinactivated donor serum, .03% DNAse, and .1% heparin. Injections were
performed via laparotomy under ultrasound guidance, and fetal viability was
conﬁrmed.
Chimerism Analysis
Chimerism was assessed using the variable number of tandem repeats
assay, which identiﬁes microsatellite repeats with a sensitivity of approximately 2%, as previously described [2,11]. Because of overlap between donor
peak and stutter patterns, no more than 2 primers were informative for any
pairing; in most cases only 1 could be used. This assay was validated against
both quantitative Taqman PCR for the SRY gene and CD18 FACS, using
long-term chimeras from our previous study [11]. As reported previously,
variable number of tandem repeats results correlated well with both
techniques [2].
Clinical Observation
Animals were examined at least twice daily after birth to evaluate for
signs of GVHD, including skin lesions (ﬂaking, erythema), weight loss, poor
feeding, and oral/mucosal lesions. For all groups tube feedings were initiated upon evidence of weight loss persisting on 3 subsequent measurements.
All animals showing consistent signs of distress (lethargy, pain, inability to
tolerate oral intake) were killed in accordance with our protocol. Oral steroids and rapamycin were administered as deemed clinically appropriate
by the supervising veterinarian. Surviving pups were observed for a period
of 15 to 22 months.
Immunohistochemistry
Tissue specimens were ﬁxed in 10% buffered formalin and embedded
in paraﬃn using a Sakura Tissue-Tek embedder (Sakura Finetek USA, Torrance, CA). Using a paraﬃn microtome (Leica RM2035; Instrument GmbH,
Nussloch, Germany), 4-μm sections were obtained. Paraﬃn sections were
incubated overnight at 55°C and deparaﬃnized in serial xylene washes, followed by rehydration through a graded alcohol series to deionized water.
Slides were blocked for speciﬁc protein for 30 minutes at room temperature. For CD3 immunoperoxidase staining, mouse anti-canine CD3 (ABD
Serotec) was applied as primary antibody, and slides were incubated overnight at 4°C. The slides were washed with PBS at room temperature for 10
minutes, and species-speciﬁc secondary antibody was applied (antimouse IgG; Vector Lab, Burlingame, CA). After room temperature incubation

for 30 minutes, slides were rinsed in PBS for 10 minutes, and avidin-biotin
complex (1:200 dilution; Vector Lab) was added for 30 minutes. After a PBS
rinse the slides were developed with peroxidase substrate kit SK-4100 (Vector
Lab), lightly stained with Harris hematoxylin, dehydrated in alcohol, cleared
in xylene, and mounted using Acrymount (Statlab Medical Products, Lewisville, TX). Slides were imaged using a DMR microscope (Leica Microsystems,
Wentzler, Germany).
Statistics
A chi-square test was applied to compare survival with birth among
groups.

RESULTS
GVHD after IUHCT in the Optimized Canine Model
As per our previous study [2], we elected to target gestational age (GA) 40 to 42 days using intracardiac
administration of maternal BM. Our published cohort consisting of 29 fetuses of 6 pregnant dams served as a control
group at a CD3+ concentration of 1%, with absolute CD3+
counts ranging from 3.7 × 108 to 2.7 × 109/kg. In the 3% group
15 fetuses of 2 pregnant dams were injected at GA 37 to 43
days, with absolute CD3+ counts ranging from 4.5 × 108 to
1.2 × 109/kg. Seven fetuses of a single pregnant dam were injected at GA 43 days using a graft containing 5% CD3+ cells
with an absolute CD3+ count of 8.75 × 108. Five fetuses of a
single pregnant dam were injected at GA 41 days using a CD3+
concentration of 7.5%, with an absolute CD3 + count of
2.25 × 109/kg, and 9 fetuses of a single pregnant dam were
injected at GA 43 days with whole maternal BM at a CD3+
concentration of 16%, resulting in an absolute CD3+ count of
2.0 × 109/kg (Table 1). Absolute CD3+ counts were determined
based on estimation of fetal weight using ultrasound measurement of crown–rump length at the time of injection [12],
resulting in some overlap in absolute counts between groups.
Differences in survival to birth between groups did not
reach statistical signiﬁcance (chi-square statistic, 4.141;
P = .39), and no mucosal or skin lesions or other evidence of
GVHD was clinically evident at birth in any animal. Our 1%
cohort had 86% survival to birth (25/29), as previously reported [2], which compares favorably with our historical
intraperitoneally injected animals [11] and survival rates reported previously by Blakemore et al. [13]. Fetuses neither
live nor stillborn were likely resorbed after the injection procedure, which has been reported to occur at a rate of 11% to
25% during normal canine gestation [14,15], and thus no
pathologic evaluation could be conducted. In the 3% group
9 of 14 pups were live born (65%), and an additional pup was
stillborn because of birth complications but without evidence of GVHD on pathologic evaluation. The 5% group yielded
5 of 8 live-born pups (63%), whereas 3 of 5 pups in the 7.5%
group were live born after a diﬃcult labor lasting > 21 hours
and assisted by oxytocin for failure to progress. One additional pup in this litter was stillborn because of the prolonged
labor but without clinical or pathologic abnormality. In the

Table 1
Injection Summary and Graft Composition in All Groups
Dose

No. of Live-Born Injected Pups

GA at IUHCT
(days)

CD3 cells/kg

CD34 cells/kg

GVHD

1%
3%
5%
7.5%
16% (Whole BM)

20
8
5
3
7

39-41
38-43.5
43
41.5
43

3.71-27.2 × 108
4.5-12.6 × 108
8.75 × 108
2.26 × 109
2.0 × 109

5.8-58.2 × 108
5.0-9.8 × 108
5.39 × 108
7.0 × 108
5.1 × 108

N
N
Y
Y
Y

Signiﬁcant overlap in CD3 cells/kg suggests that the concentration, rather than the absolute CD3 content of the donor graft, is a signiﬁcant contributing factor
to the development of GVHD.
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Figure 1. Survival curve for all groups. All pups affected by GVHD died by 23 days of age, whereas all pups in the 1% and 3% groups appeared normal throughout the period of analysis.

Whole BM group 7 of 9 fetuses were live born (78%), although 1 was runted. No premature rupture of membranes
or preterm delivery was observed after IUHCT, consistent with
the very low rates observed with clinical intrauterine transfusion [16].
Acute GVHD was observed in all recipients of 5% and 7.5%
CD3+ cells as well as all pups receiving Whole BM (16%).
Symptoms became evident between 1 and 14 days postbirth, and all pups ultimately were killed by 23 days of age
(Figure 1). Signs of GVHD included weight loss and failure to
thrive despite enteral supplementation, which were universally evident among affected pups (Figure 2A,B). Both skin and
mucosal lesions were observed clinically in selected pups
(Figure 2C). Although jaundice was observed, gut manifestations of GVHD were diﬃcult to conﬁrm clinically because
of maternal cleaning and a wide range of “normal” output
in breastfed animals. Laboratory evaluation revealed significant anemia and eosinophilia in most affected animals as well
as frequent hyperbilirubinemia and transaminitis. Pathologic examination revealed punctate gastrointestinal hemorrhage
(Figure 3A) and gross hepatomegaly as well as hemorrhagic
lesions throughout the lungs (Figure 3B). Histologic evaluation showed lymphocytic inﬁltration and CD3 activity within
the skin (Figure 4A,B), bowel wall (Figure 4C,D), canalicular
bile stasis in liver specimens (Figure 4E), and inﬂammatory
hemorrhage within the lungs (Figure 4F). No evidence of
GVHD was observed in recipients of 1% or 3% CD3+ containing grafts.

Chimerism after IUHCT
Peripheral blood samples for chimerism were obtained at
1 month of age or when affected animals were killed, because
all were less than 1 month of age at the time of death. No
signiﬁcant differences were observed in initial chimerism
between groups (Figure 5A), although the varying ages at
which samples could be obtained confounds any direct
comparison. One pup in the 3% group never showed any
measureable chimerism, likely because of technical failure
at injection. Otherwise, the 3% group maintained stable chimerism over the period of analysis (15 to 22 months,
Figure 5B), consistent with our prior results.
DISCUSSION
IUHCT represents a promising strategy to achieve stable
multilineage engraftment in an immunocompetent host
without the need for toxic conditioning and has potential for
clinical application in any hematopoietic disorder that can
be diagnosed early in gestation and is treatable by postnatal BMT. We have previously investigated the requirements
for successful IUHCT extensively in the murine model [17-22]
and gained better understanding of the barriers to engraftment [23,24], whereas large animal studies in sheep [25], pigs
[26], and nonhuman primates [27] have yielded inconsistent
results. We have reported the development of an optimized
canine model yielding stable and consistent engraftment at
donor cell levels associated with DST in nearly all recipients of haploidentical IUHCT using maternal donor cells [2]
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Figure 2. Clinical manifestations of GVHD. (A) Weight gain across 1%, 3%, 7.5%, and 15% groups. Failure to thrive occurred in all GVHD pups despite enteral
nutritional supplements and steroid and rapamycin treatment. The 5% group was excluded from this analysis because these pups were killed upon emergence of GVHD symptoms, whereas other groups were treated clinically and observed throughout the disease course. (B) Failure to thrive manifest as growth
retardation in a pup affected by GVHD (white arrow) compared with littermates who had not yet exhibited symptoms. (C) Skin lesions characteristic of IUHCTinduced GVHD.

to avoid the confounding effects of maternal immunization
[24]. Because IgG is known to cross the placenta in both dogs
and humans, the use of maternal donor cells in this model
is necessary due to the risk of maternal immunization against
third-party donor cells. Although this has obvious implications in the treatment of inherited hematologic disease, the
expectation that maternal antibodies could limit donor chimerism has signiﬁcant experimental support [24,28]. These
results represent a signiﬁcant step toward adequate experimental justiﬁcation for clinical trials of IUHCT, but a better
understanding of the associated risks is necessary before clinical translation.
Beyond failure of engraftment and subsequent lack of efﬁcacy, GVHD represents the greatest theoretical risk of IUHCT.
Based on Billingham’s tenets, the fetus should be at high risk
for GVHD, because IUHCT grafts contain immunologically
competent cells, the recipients express tissue antigens not

present in the donor, and the recipients are incapable of
mounting an effective response to eliminate the transplanted cells [29]. Despite these risk factors, GVHD has proven
diﬃcult to study in the context of IUHCT in no small part due
to the lack of a consistent and valid preclinical large animal
model. Despite MHC mismatch, mouse BM contains a relatively low T cell concentration and generally requires
supplementation with a T cell source such as splenocytes to
have any graft-versus-host activity [8,30] due to the presence of natural killer T cell subsets with protective activity
[31] and T cell regulatory suppression [32-34]. Although
murine models have proven valuable in the mechanistic study
of GVHD associated with postnatal BMT, most reports of
IUHCT-induced GVHD have been characterized primarily by
decreased survival [7,35-37]. In large animal models links have
been proposed between in utero or perinatal lethality and
GVHD in sheep [38,39] and nonhuman primates [27,40,41],

Figure 3. Gross pathologic evidence of GVHD. (A) Punctate hemorrhages throughout the gastrointestinal tract of a GVHD-affected pup (arrows). (B) Hemorrhagic lesions throughout the lungs of a GVHD-affected pup.
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Figure 4. Histologic evidence of GVHD. (A) Hematoxylin and eosin (H&E) and (B) anti-CD3 immunoperoxidase staining of GVHD-affected skin (10×) demonstrating breakdown of normal barrier function and inﬂammatory ulceration with CD3 inﬁltration (black arrow). (C) H&E and (D) anti-CD3 immunoperoxidase
staining of GVHD-affected intestine (10×) demonstrating blunted villous architecture, sloughing (white arrow) and CD3 inﬁltration (black arrows). (E) H&E staining of liver demonstrating canalicular bile stasis (white arrows) (10×). (F) H&E staining demonstrating pulmonary inﬂammation and hemorrhage (black arrow)
(10×).

but no clinical or histologic conﬁrmation has been reported. No GVHD has previously been observed after IUHCT
in dog [2,11,13,42] or pig [26] models, underscoring the need
for better characterization of this risk.
Despite the theoretical risk factors, our experience over
many years of experimental work in IUHCT has suggested that
the fetus may actually be surprisingly resistant to GVHD relative to recipients of postnatal myeloablative BMT. We have
previously speculated that such resistance may be related to
a robust host T cell–regulatory response from the fetal thymus
[7,24,43]. In our characterization of GVHD, the most striking ﬁnding was the clear threshold between 3% and 5%, above
which GVHD was observed in all recipients. In contrast, nearly
all animals injected with grafts containing either 1% or 3%
CD3+ cells engrafted and maintained chimerism throughout

the duration of the study; none developed any clinical sign
of GVHD. Our results mirror those obtained in sheep by
Crombleholme et al. [38], who observed no GVHD until greater
than 3% of donor cells were T cells. Furthermore, we found
that the development of GVHD was more clearly related to
T cell concentration than to the absolute CD3+ dose per weight,
although a limitation of the study is the dependence on accurate ultrasound-based fetal weight estimation for calculation
of absolute T cell dose.
Mechanistically, this concentration threshold implies that
the development of GVHD depends on some interplay
between donor T cells and some other donor cell subset within
the donor cell inoculum. Given the inability to differentiate
between donor and recipient by ﬂow cytometry, the canine
model is ill-suited to further explore the donor cell type(s)

Figure 5. Chimerism after IUHCT. Initial chimerism after IUHCT by group (A) and long-term stable engraftment (B) as measured by variable number of tandem
repeats. No signiﬁcant differences in initial chimerism could be discerned because of the limited sample size.
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involved in the regulation of GVHD, but extrapolation of
observations made in postnatal BMT would suggest crosspresentation by donor antigen-presenting cells as a likely costimulatory candidate, allowing higher T cell concentrations
to overwhelm the suppressive effect of host regulatory T cells
[44-47]. In the treatment of nonmalignant disorders, the occurrence of GVHD by any mechanism would represent an
unacceptable clinical outcome. Our results in this preclinical model conﬁrm that GVHD is indeed a risk of IUHCT, but
only at relatively high T cell concentrations, providing support
for a clear margin of safety for clinical application.
Interestingly, we saw no evidence of prenatal lethality at
any T cell concentration, based on the lack of signiﬁcant difference in survival to birth. Although the onset of GVHD was
rapid in all cases, no affected animal had obvious evidence
of any GVHD-related pathology at birth apart from a single
runted pup in a very large litter of 9. These results contrast
those previously reported in large animal models, including sheep. The lack of in utero manifestations might be related
to the relatively short gestation of the canine model, to protective factors associated with the intrauterine environment
[48], or to a lack of suﬃcient inﬂammatory stimulus in the
absence of conditioning or any bacterial exposure.
Notably, our model of IUHCT-induced GVHD shares many
clinical features with classical descriptions of GVHD, including examples of skin, gut, and liver involvement [49,50].
Weight loss and wasting were primary features of IUHCTinduced GVHD and were perhaps more evident in our
nonconditioned model than in the setting of postnatal transplants wherein multiple confounding factors might contribute
to such ﬁndings. Our results echo those observed in the
murine model of GVHD proposed by Misra et al. [8]. Although GVHD is primarily a clinical diagnosis, laboratory
results in the affected animals provided additional support
for our clinical ﬁndings; anemia was nearly universal, and
most also had evidence of hepatic dysfunction. The etiology of the eosinophilia observed in affected animals is not clear,
although eosinophilia has been reported to occur frequently
in chronic GVHD after nonmyeloablative transplantation and
has not been shown to correlate with outcome [51]. Because
our affected pups presented with a clinical course more similar
to acute GVHD, the question of whether the presence of eosinophilia in GVHD-affected animals after IUHCT has any
mechanistic implications requires further study.
Although GVHD is possible after IUHCT, our results conﬁrm
that its development can be prevented through the use of
lower T cell concentrations within the donor graft while preserving engraftment suﬃcient for induction of DST and
potentially therapeutic for many target disorders. In creating a model of IUHCT-induced GVHD for which the clinical
features show marked similarity to the constellation of symptoms and signs observed in GVHD associated with postnatal
BMT, we have both deﬁned the GVHD response and conﬁrmed its absence at the T cell concentrations proposed for
clinical IUHCT. Having established the relevance of this preclinical model for IUHCT-induced GVHD, we plan to evaluate
future modiﬁcations of the donor inoculum intended to
enhance engraftment for GVHD risk before clinical application. Importantly, we have demonstrated a safe therapeutic
index such that even a 3-fold increase over planned T cell
concentrations did not show evidence of GVHD in our
preclinical model. In combination with our prior demonstration of long-term stable hematopoietic chimerism in the
preclinical canine model, these results provide necessary characterization of the greatest theoretical risk of IUHCT and

support its translation into clinical trials for inherited hematologic disorders.
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