
A ROLE FOR GAMMA DELTA T-CELLS IN A MOUSE MODEL OF
FRACTURE HEALING

Nona T. Colburn, M.D.1, Kristien J.M. Zaal, Ph.D.2, Frances Wang, Ph.D.3, James Yen, Ph.D.
3, and Rocky S. Tuan, Ph.D.1
1Cartilage Biology and Orthopaedic Branch, National Institute of Arthritis and Musculoskeletal and
Skin Disease, National Institutes of Health, Department of Health and Human Services,
Bethesda, Maryland 20892
2Light Imaging Section, National Institute of Arthritis and Musculoskeletal and Skin Disease,
National Institutes of Health, Department of Health and Human Services, Bethesda, Maryland
20892
3Polymers Division, National Institutes of Standards and Technologies, Gaithersburg, Maryland
20899

Abstract
Objective—Fractures can initiate an immune response that disturbs osteoblastic and osteoclastic
cellular homeostasis through cytokine production and release. The aim of our study was to
investigate γδ T-cells, innate lymphocytes known to be involved in tissue repair, as potential
cellular components of the osteoimmune’s system response to an in-vivo model of bony injury.
The absence of such cells or their effector cytokines influences the fate of other responder cells in
proliferation, differentiation, matrix production, and ultimate callus formation.

Methods—Tibia fractures were created in 60 γδ T-cell receptor knockout and 60 control C57BL/
6 mice. Analysis included radiographs, basic histology, mechanical testing, flow cytometry, and
immunohistochemical localization of γδ positive subsets from control animals, and of CD 44 from
both groups, as well as ELISA for the effector cytokines, IL-2, interferon-γ, and IL-6, respectively.

Results—γδ knockout animals demonstrated more mature histological elements and quantitative
increases in the expression of major bone (bone sialoprotein) and cartilage (collagen type II)
matrix proteins, and bone morphogenetic protein-2 at a critical reparative phase. Moreover, only
knockout animals had a decrease in osteoprogenitor antiproliferative cytokines, IL-6 and
interferon-γ. The result was improved stability at the repair site and an overall superior
biomechanical strength in knockout mice as compared with controls.

Conclusion—The evidence for γδ T-cells in the context of skeletal injury demonstrates the
importance of the immune system’s impact on bone biology, relevant to the field of
osteoimmunlogy, and offers a potential molecular platform from which to develop essential
therapeutic strategies.
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Introduction
Bone injuries present an important health concern, as they can result in disfigurement, pain,
loss of mobility and productivity, and post-traumatic osteoarthritis. (1) Although there are
many well recognized factors and systemic states associated with bone healing
abnormalities,(2) the molecular cascade of events or the specific aberration that occurs when
normal bone repair fails is not well understood. Previous research efforts on optimizing
fracture repair have been directed primarily at different pathways of the cellular response
involved in induction of osteoprogenitor cells into bone forming cells, especially using
growth factors, such as fibroblast growth factors (FGFs) and bone morphogenetic proteins
(BMPs).(3,4)

The first and immediate response to endogenous signals of cell and tissue injury(5) is an
inflammatory reaction frequently modeled in the skin,(6) as well as the systemic host
response.(7) Fracture injury initiates an osteoimmunological response through multiple
interrelated pathways that ultimately disturbs osteoblastic and osteoclastic cellular
homeostasis.(8) Cytokines, growth factors, and BMPs present in this milieu act as signal
transducers that effect subsequent stages of repair through progenitor cell recruitment,
proliferation, and matrix synthesis.(9,10) While most are mitogenic, some cytokines, such as
IL-6 and interferon-γ, can decrease bone formation by influencing bone resorption(11) and
exhibiting antiproliferative effects, especially on the osteoblast.(12) Finite element models
have demonstrated the capacity for early cell fate decision within the first 5 days.(13)
Therefore, for the progression of the four phases of bone regeneration(14) and the final bone
product (15), it is critical that the initial inflammatory stage be specific and controlled. Non-
steroidal anti-inflammatory drugs,(16,17) antihistamines,(18) steroids,(19) and
cyclooxygenase-2 (COX-2) inhibitors,(17) which inhibit the inflammatory response, can
delay fracture healing.

In normal human fracture injury, αβ T-lymphocytes are selectively recruited and activated.
They are consistently present in the early inflammatory phase(20) at which time they are the
major producers of IL-2, and act as potent stimulators of mesodermal cell division(3,9) and
osteoinduction.(21). Direct evidence for T-cell involvement in the control of fracture healing
is provided by both in-vitro(21,22) and in-vivo(20,23–25) studies, which have demonstrated
negative effects of lymphocyte depletion on fracture healing outcome. Multiple signaling
pathways interrelate T-cell immunity with skeletal regeneration. Receptor activator for
nuclear factor κ B ligand (RANKL) expressed by osteoclast is a key regulator of bone
resorption in fracture healing.(26) Intriguingly, RANKL also regulates T-cell dendritic cell
communications and T-cell activation.(27)

γδ T-cells, as “innate lymphocytes”, have the unique ability to directly recognize products of
stressed cells through their receptor without the need for antigen presenting cells. They
produce cytokines that are predominately Th1 (interferon-γ).(28) However, depending on
the context, γδ T-cells can also make Th-2 cytokines, as well as IL-17 through induction of
Th17 cells by RORγt+ cells.(29) The type of cytokine produced is determined not only by
differences in the disease models, but also by the cytolytic ability of γδ T-cells that express
FasL. (30) In addition, γδ T-cells may assist in dictating the Th1 or Th2 phenotype of the
CD4+ αβ T-cell response.(31,32)

Although the exact biological function of γδ T-cells remains unanswered, genetically
engineered deficient experimental models have focused on an immunoregulatory role. (33–
35) They can perform specialized functions related to the repair of tissue damage (28,36,37)
and wound healing.(38) The molecular basis of tissue localization at sites of injury by γδ T-
cells is currently unknown. One receptor that facilitates their migration and extravasation to
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areas of inflammation is CD44.(39) The CD44 receptor, up-regulated by both lymphocytes
(39) and bone cells (40) binds hyaluronan in association with wound and bone regeneration.
In a γδ T-cell receptor (TCR) knockout mouse model, γδ T-cells are required for hyaluronan
deposition, subsequent macrophage infiltration into wound sites, and appropriate wound
repair.(41)

The aim of our study was first, to demonstrate that γδ T-cells, as part of an innate
immunological response to injury, would be recruited to the local site of fracture repair.
Secondly, we investigated the consequence of the absence of γδ T-cells to the final outcome
of the repair product. We hypothesized that the absence of γδ T-cells would impact
negatively on cellular proliferation, adhesion, differentiation and ultimate callus formation,
not unlike that already seen with wound healing.

Material and Methods
The study was carried out with approval of the NIH Animal Care and Use Committee.

Animal model
Mice homozygous for the Tcrdtm1mom delta chain targeted mutation and C57BL/6
background wild type controls were from Jackson Laboratories (Bar Harbor, ME). A 4 kb
deletion encompassing most of the delta chain constant region sequences, results in γδ T-cell
receptor deficiency in all adult lymphoid and epithelial organs, in the presence of normal
development of the γδ T-cell lineage. Additionally, this mutation does not impact the
number or function of B-cells, the expression of several cell surface markers including
LFA-1, CD-2, CD69, and IL-2, or T-helper function in animals aged 4 weeks. (42)

Sixty adult male γδ knockout mice and sixty control mice (23–28 g) aged 6 weeks were
assigned to six groups: (1) histology (8 controls, 10 knockouts); (2) immunohistochemistry
(4 controls, 5 knockouts); (3) semiquantitative reverse transcription-polymerase chain
reaction (RT-PCR) 8 in both groups); (4) ELISA (8 in both groups); (5) flow cytometry (9
pre-operative animals in each group, 14 control and 12 knockout animals); and (6)
mechanical testing and tissue geometry analysis (9 controls and 8 knockouts).

Fracture procedure
Under general isoflurane anesthesia, fractures were created in the right mid tibia by three-
point bending using a custom-built fracture apparatus and then instrumented with
intramedullary pins. Fracture healing (four phases) was evaluated at 1, 5, 10, and 28 days in
groups 1– 5. For biomechanical testing and histomorphometry, tissues were processed at 2,
4, 6, and 8 weeks. Radiographic analysis at each time point was scored as 0, 1, or 2 based on
quality of union with the presence, partial presence, or absence of the fracture line,
respectively.

Histology
Calluses were excised, fixed in phosphate-buffered 4% paraformaldehyde (pH 7.2) for 3
days at room temperature, and decalcified in 20% ethylenediaminetetraacetic acid at room
temperature for 7 days. The tissue samples were then dehydrated through a graded ethanol
series and paraffin embedded. Sections of 10 µm thickness were obtained through the entire
callus, and stained with Masson-Trichrome, hematoxylin and eosin. Blind histological
scoring was done according to Bos et al, (43) with modification. Scores of 0 through 5 were
assigned to two categories for quality of union and colonization of bone marrow, based on
callus maturity and bone marrow reconstitution, respectively.
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Immunohistochemistry (IHC)
Calluses were excised, fixed, decalcified, and paraffin embedded as above. Three serial
sections from both knockout and controls at each time point were used for CD 44
immunostaining. Controls alone were immunostained for γδ TCR. The avidin-biotin-
peroxidase complex method of Hsu et al (44) was used with a kit. (Zymed, San Francisco,
CA). Sections were deparraffinized, rehydrated, and treated with 3% hydrogen peroxide in
100% methanol for 20 minutes to block endogenous peroxidase activity. Horseradish
peroxidase (HRP) activity was detected using hydrogen peroxide as substrate and
chromagen aminoethylcarbazole (AEC) as dye, and hematoxylin as counterstain. Negative
controls were incubated with non-immune isotype antibodies (Figure S-1). Sequential
changes in CD44 and γδ TCR immunoreactivities regarding percentage and types of cells
stained at four phases of fracture healing were scored according to Fujii et al. (45).

Real-time polymerase chain reaction (RT-PCR)
Messenger RNA expression of bone sialoprotein (BSP), collagen type II, and BMP-2 was
analyzed to assess the progression of fracture repair. Calluses were harvested with 3 mm of
bone proximal and distal to the fracture site, snap-frozen in liquid nitrogen and stored at
−80°C. Two specimens each from control and knockout were pooled for each time point and
total RNA was isolated using Trizol. Semi-quantitative PCR was performed for 30 cycles on
single-strand complementary DNA (cDNA) prepared from RNA (1 µg) using a SuperScript
One-Step RT-PCR with Platinum Taq (Invitrogen Life Technologies Carlsbad, CA). The
gene specific primer sequences (46–48) (IDT Coralville, IA) and the expected PCR product
sizes are listed in Table S-1. Amplification was as follows: denaturation: 94°, 30 seconds;
annealing: 53°, 45 seconds; extension: 72°, 60 seconds. GAPDH was used as control for
integrity of various RNA preparations and RNA load. The PCR products were gel separated
and images analyzed by densitometry.

Enzyme-linked immunosorbent assay (ELISA)
Calluses were harvested and homogenized as above. Two specimens each from control and
knockout were pooled per time point. Homogenates were centrifuged (15,000 rpm, 15
minutes, 4°) for debris removal. Supernatants were analyzed for cytokines, INF-γ, IL-2, and
IL-6, with commercially ELISA kits (Quantikine M; R & D Systems, Minneapolis, MN).
Assays were done in triplicate. The plates were read at 405 nm. All data were normalized to
total protein concentrations. Cytokine concentrations (pg/ml) were presented as mean ±
standard error.

Flow cytometry
In order to analyze the systemic response distant from the site of injury, flow cytometry
analysis of total lymphocyte counts, subset γδ T-cells, and cells expressing the CD44 marker
were performed on peripheral blood. Lymphocytes were fractionated using Ficoll gradient
centrifugation. Cell suspensions containing 1 × 105 cells were incubated for 30 minutes at
room temperature with either conjugated anti-CD44-phycoerythrin (PE) or anti-γδ TCR-
Tricolor (1:100 in PBS with 1% bovine serum albumin and 0.1% sodium azide). Cells were
washed and fixed in 1% paraformaldehyde. Non-specific mouse IgG was used as negative
control. Results were reported as percent of cells positive for each fluorochrome with gating
at the 98th percentile of isotype stained cells. Data from up to 100,000 cells were acquired
and analyzed using appropriate compensation with both CellQuest (BD Beckman) and
FlowJo (Treestar) software.
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Mechanical testing and tissue geometry
Bilateral fractured and unfractured tibias were harvested and tested fresh, with the
intramedullary pin extracted. The maximum vertical (Dv) and horizontal (Dh) diameter of
the gross callus, and the mid-diaphysis of the unfractured tibia were measured prior to
mechanical testing. Transverse diameters of the marrow space were measured from
anteroposterior radiographs using the nail diameter as reference. This allowed geometric
calculations of callus quantity, expressed as callus area (Xa), and the area moment of inertia
(I) for the load direction, assuming elliptical cross sections with centrally located holes.
These formulae were used:(49)

(1)

(2)

Biomechanical properties of healing fractures were analyzed by a destructive three-point
bending procedure on a materials testing machine (Instron Model). The callus was
positioned on two grooved roller supports of a holding apparatus, spanning a total distance
of 6.5 mm with the repair site centered. The machine settings were: maximum local value,
50 N; chart speed, 10 sec/cm; crosshead speed, 2 mm/minute. A load displacement curve
was produced as loading was continued until the specimens exhibited failure (F). (Figure
S-2) From this curve the following structural or extrinsic parameters were obtained:
maximum load (Pmax) (N), deflection at maximum load (Dmax)(mm) and maximum
stiffness (N/mm), defined as the slope (K = ΔP/ΔD). With the slope (K) and the test span
(L=6.5 mm) the rigidity (R) was calculated as follows:(50)

(3)

In addition to structural parameters, the intrinsic or material properties, elastic modulus (E)
and stress (σ), were calculated using standard engineering formula derived from simple
beam theory. (50) Both material properties, as a function of applied load and moment of
inertia, are dictated by callus geometry and therefore reflect properties at the periosteal
surface.

(4)

(5)

Another material property calculated was the ability of the healing bone to absorb energy
during loading. This is the area under the curve, either to maximum load or failure, and is a
function of both load and deflection. (Figure S-2)

Statistics
Data are reported as mean and standard deviation (error bars: ±SD). Data points were
distributed around the mean in a normal fashion and did not require transformation. Two
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samples were compared using Student’s t-test. Statistical analysis of mechanical testing data
was examined for normal distribution and homogeneity of variances (F-test) using the GLM
procedure of SAS. Differences were judged as statistically significant at p ≤ 0.05.

Results
γδ T-cells respond to fracture injury

To better assess the relevance of the γδ knockout mice as an experimental model, the actual
presence of γδ T-cells at the local fracture repair site was first identified in control animals
by immunohistochemistry of γδ TCR. Representative micrographs for the four phases of
fracture healing (days 1, 5, 10, and 28) are shown in Figure 1. At the time of fracture, the γδ
T-cells were localized within the hematoma (Figure 1A). In the ensuing inflammatory phase,
when the hematoma was replaced with an accumulation of monocytes, macrophages, and
immature mesenchymal cells, γδ TCR staining was found distributed on both inflammatory
and mesenchymal cells. At Day 5, as the fracture callus began to form, more γδ TCR
positive cells are found with the morphological appearance of fibroblastic mesenchymal
cells (Figure 1B). During both the chondrogenic and osteogenic phases, γδ TCR staining
was detected on osteoblasts lining trabecular bone (Figure 1C). On Day 28, as the bony
callus is remodeled, γδ TCR staining was not observed, being specifically absent within
lacunae (osteocytes) (Figure 1D), as well as the maturing cartilage at all time points. Table 1
shows a summary of the immunohistochemical analyses for γδ TCR staining in control
animals, as well as CD44 staining for both control and knockout mice, at different phases of
fracture repair.

In trauma patients, γδ T-cells decrease immediately in the peripheral blood after injury with
increased homing into local lymphoid tissue until the third day.(51) When γδ T-cells
responded to the local fracture site in control animals, their presence was also noted
peripherally by flow cytometry. (data not shown) The percentage of cells expressing the γδ
TCR receptors decreased immediately after injury, but increased significantly (p<0.05)
above baseline at Day 10. This peak level of peripheral γδ TCR positive cells occurred at the
same time as the maximal level of immunohistochemical staining at the fracture site.

γδ Knockout animals demonstrate early differences in cartilage and bone formation
Although typical histological features were seen in a sequential fashion in both groups, γδ
knockout animals exhibited better quality of union with more osseous and chondral elements
and mature bone marrow at Day 5 (Figure 2A and B). This improvement was supported at a
molecular level by increased mRNA expression of cartilage and bone associated markers,
including collagen type II, BSP, and BMP-2 (Figure 2C). However, these differences were
not observed as the callus matured. Consistent with previous studies,(52) mRNA expression
of these three genes were observed during all phases of fracture healing and correlated with
the histological appearance. With radiographic evaluation it was noted that knockout
animals did not demonstrate improved healing over controls until Day 28. (data not shown)

γδ Knockout animals produce less inflammatory cytokines at the regenerative site
With the absence of γδ T-cells, γδ knockout animals showed a significant decrease (p<0.05)
in the production of IL-2 at the inflammatory phase (Day 1) and interferon-γ and IL-6 at the
reparative phase (Days 5 and 10) in fractured bones as noted by ELISA (Figure 3 A, B, and
C). In previous studies of cytokine production by fracture calluses as shown by relative
message, IL-6 demonstrated high constitutive activity early at day 3 in normal animals.(11)
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γδ Knockout animals up-regulate the cell adhesion molecule, CD44 in osteoblasts
At the local fracture site, as shown by IHC in Table 1, several cell types throughout the
healing process expressed CD44, consistent with previous studies.(40) However, important
spatial and temporal differences in CD44 expression were noted between γδ knockouts and
controls. Early on days 1 and 5, only γδ knockout animals demonstrated CD44 expression
within the hematoma and on osteocytes, respectively. Moreover, during the reparative
phases, only γδ knockout animals showed positive staining for CD44 cell adhesion molecule
in osteoblasts, not seen in previous reports (Figure 4A).

For assessment of lymphocyte homing, cells gated for total lymphocytes in both γδ knockout
and controls (figure 4B) and γδ TCR positive lymphocytes in controls alone (figure 4C)
were analyzed for CD44 expression by flow cytometry. A significant decrease in CD44
expressing peripheral lymphocytes was noted on Day 5 in knockout animals compared to
controls. However, by Days 10 and 28, this difference was lost. Taken together, these results
showed that temporal profiles of both the γδ TCR and CD44 surface markers followed that
of total γδ T-cells, but with a decreased percentage of positive cells from day 1 through day
28. It is likely that these decreases were consequences of stress induced alterations in normal
cell trafficking, resulting in depletion of circulating lymphocytes expressing surface CD44
adhesion molecules, perhaps via a homing mechanism that redistributed cells from blood to
sequestration at sites of inflammation.(51, 53, 54)

Biomechanical properties of fracture repair are superior in the absence of γδ T-cells
Both structural (rigidity) and material (elastic modulus) strength variables were different
between γδ knockout and control mice (Figure 5A). The average maximum rigidity of the
healing fractures in γδ knockout mice were 241, 57, and 17% of the maximum rigidity
sustained by controls at 4, 6, and 8 weeks, respectively, while elastic modulus were 785, 55,
and 82%, respectively, compared with the corresponding values for controls. At all five
points, γδ knockout animals reached statistically significant higher values of maximum load
(p=0.0002), stiffness (p=0.05), and elastic modulus (p=0.05) before failure compared with
controls. The γδ knockout animals had comparatively higher values of maximum stress than
controls, but were not statistically significant (p=0.09). At 8 weeks, γδ knockout animals
showed essentially no significant differences compared to controls with respect to maximum
load (p=0.27), rigidity (p=0.46), and elastic modulus (p=0.45).

This overall increase in strength was also reflected in the larger amount of energy to failure
when γδ knockout animals where compared with controls (p=0.03). (Figure 5B) In the 4-
week knockout group, energy absorbed to failure was 47% greater than that of controls.
However, at 6 and 8 weeks the gap narrowed to 10 and 6 % respectively, so that at 8 weeks
there was no statistically significant difference between the ability of γδ knockout callus to
absorb energy than that of control callus (p=0.76) Tibia fractures in mice are usually
considered healed when strength has reached values of contralateral intact bone, thus acting
as an internal control. At 4 weeks, the fractured tibias of γδ knockout animals had reached
85 and 42% of the rigidity and elastic modulus of the corresponding values of intact bones,
whereas the rigidity and elastic modulus of control animals had only reached 28 and 6% of
intact bone. Structurally, with respect to stiffness and rigidity, γδ knockout callus more
closely approximated values of intact bone for all weeks (p=0.07), than controls that
demonstrated statistically greater differences between fractured and intact bone.
(p=<0.0001) Data obtained for both the healing right tibia and the contralateral intact bone
are available as supplementary tables (Tables S-2, 3, and 4).
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Discussion
This work demonstrates, for the first time, the expression of γδ T-cells in response to
fracture injury, as well as the concept that γδ cells and/or their attendant cytokines could
play a detrimental role in bone healing. When γδ T-cells are not present, overall improved
biomechanical strength and stability, as a final outcome, is seen in knockout animals
compared to that of controls. Histological, immunohistochemical and molecular analyses
corroborate these findings with quantitative increases in osseous and chondral elements,
temporal augmentation in the gene expression of collagen type II, BSP, and BMP-2, and
increased CD44 expression in matrix producing osteoblasts, providing a potential
explanation for the significant biomechanical stability noted.

These observations support the view that γδ T-cells, as a part of the innate immune system’s
response to “danger signals”, play a part in the surveillance of body surfaces that are
exposed to environmental hazards.(28) In principle, the initial inflammatory phase of
fracture injury, acting as an immunological response, would activate γδ T-cells that respond
with the production of proinflammatory and Th-1 effector cytokines, such as interferon-γ
and IL-6. During the first days after fracture, the cytokines and growth factors released are
important determinants of future phases of bone regeneration. Once the initial inflammatory
phase has passed, and apoptosis of cells no longer induces danger signals, the immune
response stops, and maturation of the callus would proceed. It is likely that the γδ cell
population responding to fracture injury represents a distinct sublineage, differing not only
in their TCR, but also in homing receptors and other properties.

The action of γδ cells in fracture healing is likely mediated through changes in biological
activities of resident cartilage and bone cell populations influenced by a decrease in
inflammatory cytokine production at the regenerative site. Precisely how other cells interpret
the changed immunological milieu when γδ cells are absent and the subsequent effect on the
local osteoinductive sequence with chondrocyte and osteoblast differentiation is open to
speculation. In this context, Th1 cytokines such as interferon-γ and IL-6 released within the
microenvironment in which γδ cells reside could, under appropriate systemic conditions,
play an antagonistic role to osteoprogenitor cells responsible later for bone repair.

In this study, within 5 days, the absence of γδ T-cells has exhibited a qualitative influence on
the final regenerative product. Both initial molecular signals, that influence the commitment
and differentiation of mesenchymal cells to an osteogenic or chondrogenic lineage, as well
as signals that regulate cell proliferation and terminal differentiation during later stages are
likely to be involved.(13). In the face of a dynamic challenge, early changes noted in bone
and cartilage formation in the γδ knockout animal may reflect the impact of the
reorganization of the immunological milieu at the inflammatory stage. Eventually as later
pathways become involved differences are narrowed or lost.

Different outcomes for fracture healing at different time points may possibly reflect the dual
and diverse roles that have been recognized for subsets of γδ T-cells. For example, when
Vγ1+ and Vγ4+ were depleted in a collagen induced arthritis model, the Vγ4+ subset
expressed high levels of CD44 within the first nine days of the disease.(55) In addition, the
intense lytic activity of the γδ T-cell can influence the early cytokine environment in a Fas-
dependent manner and may determine which population of responding cells are targeted for
apoptosis.(30) Such characteristics of γδ T-cells could play major roles in how the
inflammatory stage is resolved in fracture healing.

In terms of tissue geometry, the γδ knockout callus was found to be of a smaller and more
compact size when compared to controls. This would correlate with a decrease in cartilage
formation, an increase in ossified matrix, and a stimulation of osteoblastic activity, perhaps
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cell adhesion, all of which reflect a decrease in periosteal and endosteal expansion. The
increased strength noted in a callus of smaller size is best explained in a three-fold manner.
First, since T-cells may represent a population of osteoinductive cells,(21) their number is
understandably reduced in γδ knockout animals, and subsequently less cells would be
induced to respond initially, creating a smaller template. Second, the environmental milieu
that pervades in the absence of γδ T-cells may permit an increased proliferative capacity for
those undifferentiated cells that remain at the injury site, perhaps through the down
regulation of interferon-γ and IL-6. This switch in cytokine profile may up-regulate an αβ T-
cell response that is more conducive to cell proliferation and differentiation.(32) Third, the
expression of CD44 in matrix producing osteoblast of γδ knockout animals may confer
stability during the early reparative phase. Previously, CD44 has been recognized as an
osteoclast and osteocyte surface receptor primarily seen during the later remodeling phase of
fracture.(40)

In this dynamic model of fracture injury, future study will be necessary in order to establish
the biological relevance of a γδ T-cell response at the fracture site. Distinct properties that
are lineage and receptor specific, such as subset identification, adhesion marker and
cytokine profiling should be characterized for the γδ T-cell, as well as the impact of their
loss on αβ T-lymphocytes, B-cells, and other immune modulators. Manipulations that target
restoration of cellular homeostasis through modulation of cytokine production and specific
interactions that exist between the immune and musculoskeletal systems as a result of
skeletal injury could lead to an effective approach for decreasing the frequency of nonunion
in susceptible patients. Although early systemic therapy with immunosuppressants directed
at proinflammatory cytokines might be considered, therapies directed at discreet small
molecules of the γδ pathway could prove more tissue specific and decrease attendant side
effects. Genetic and molecular regulation of the influence of γδ T-cells during the initial
phase of fracture healing should be explored from an immunological prospective.
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Figure 1.
Immunohistochemical localization of γδ T-cell in the tibia fracture site of control wild-type
mice. γδ T-cells were detected using monoclonal antibodies to γδ TCR followed by HRP-
conjugated secondary antibodies. Peroxidase-positive is shown as red colored deposit.
Arrows point to TCR+ cells in A–C and TCR− cells in D. Four phases of fracture repair
were examined: (A) Day 1, hematoma with γδ TCR+ lymphocytes (B) Day 5, γδ TCR+
mesenchymal cells (C) Day 10, γδ TCR+ osteoblast and (D) Day 28, γδ TCR− osteocytes.
Scale bar = 5 µm
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Figure 2.
Histological and gene expression analyses of fracture repair in control and γδ knockout
mice. (A) Comparative histology scores based on quality of union (left) and colonization of
marrow (right). Scores are expressed as mean ± standard deviation. Day 5 knockout animals
had higher scores in both categories. *, p< 0.05. (B) Representative histology for the
reparative phase at Day 5. Arrows point to new osseous elements formed in each group,
which are more apparent in knockout animals as compared to controls. Scale bar = 5 µm.
(C) Gene expression profile of collagen type II, BSP, and BMP-2 in control and γδ knockout
mice on Day 5 post-fracture. γδ knockout animal showed increased expression of all three
genes compared with controls.
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Figure 3.
Cytokine response post-fracture in the fracture site of control and γδ knockout animals
analyzed by ELISA. (A) IL-2. An overall decrease in IL-2 is seen in γδ knockout animal
during the inflammatory phase (Day 1) as compared with controls. (B) Interferon-γ and (C)
IL-6. These proinflammatory cytokines are reduced at the reparative phase (Day 5) in γδ
knockout animals as compared to controls. All values are expressed as mean ± standard
deviation *, p< 0.05.
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Figure 4.
Receptor expression post fracture. (A) Immunohistochemistry. γδ knockout animals showed
presence of CD44 cell adhesion molecule (red colored deposit) on osteoblasts (arrow)
during the reparative phases (Day 5, left, and Day 10, right). Scale bar = 10 µm. (B) Flow
cytometry Percentage of total peripheral lymphocytes expressing the CD44 surface marker.
A significant decrease in CD44 + lymphocystes is seen in γδ knockout animals on Day 5.
(C) Presence of γδ TCR+ and γδ TCR+/CD44+ lymphocytes at the systemic level in control
wild type animals.
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Figure 5.
Mechanical testing analysis of fracture repair in control and γδ knockout animals. (A)
Material and structural strengths of the healing callus. (B) Energy absorption by the healing
callus to maximum load and failure. All values are expressed as mean ± standard deviation.
*, p< 0.05
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