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Cytomegalovirus accelerates transplant vascular scle-
rosis (TVS) and chronic rejection (CR) in solid organ
transplants; however, the mechanisms involved are
unclear. We determined the efficacy of a CMV vaccine
in preventing CMV-accelerated rat cardiac allograft
rejection in na€ıve recipients of CMVþ donor hearts.
F344 donor rats were infected with RCMV 5 days prior
to heterotopic cardiac transplantation into CMV-na€ıve
or H2O2-inactivated RCMV-vaccinated Lewis recipi-
ents. Recipients of RCMV-infected donor hearts re-
jected at POD59, whereas vaccinated recipients
exhibited a significantly prolonged time to rejection-
POD97, similar to recipients of uninfected donor hearts
(POD108). Although all of the donor hearts were
preinfected, the vaccinated recipients had lower graft
and PBMC viral loads at POD 7 compared to unvacci-
nated controls. Adoptive T cell and passive antibody
transfers from vaccinated Lewis rats into na€ıve
recipients demonstrate that both T-cell and B-cell
arms of the adaptive immune response provide
protection against CMV-accelerated rejection. Similar

findings were obtained when testing three different
adjuvants in passive transfer experiments. We have
determined that the timing of the vaccine prior to
transplantation and the specific adjuvant play critical
roles in mediating anti-viral responses and promoting
graft survival. CMVvaccinationprior to transplantation
may effectively increase graft survival.

Abbreviations: ADCC, antibody-dependent cellular cyto-
toxicity; CR, chronic rejection; CsA, cyclosporin A; ECL,
enhanced chemiluminescence; ELISA, enzyme-linked
immunoabsorbent assay; gB, glycoprotein B; HCMV,
human cytomegalovirus; H2O2, hydrogen peroxide; HRP,
horseradish peroxidase; Ig, immunoglobulin; IVIG, intra-
veneous immunoglobulin;MCMV,mouse cytomegalovi-
rus; MPL, monophosphoryl lipid A; NI, neointimal index;
OPD, O-phenylenediamine dihydrochloride; PBS, phos-
phate buffered saline; PCR, polymerase chain reaction;
PFU, plaque forming unit; POD, postoperative day;
RCMV, rat cytomegalovirus; SMG, submandibular gland;
SOT, solid organ transplantation; TBS, tris-buffered
saline; TVS, transplant vascular sclerosis
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Introduction

In human and animal models of solid organ transplantation

(SOT), cytomegalovirus (CMV) infection accelerates trans-

plant vascular sclerosis (TVS) resulting in graft failure (1–5).

In a rat model of heart, kidney and small bowel transplants,

we have demonstrated that acute ratCMV (RCMV) infec-

tion dramatically decreases mean time to develop TVS and

subsequent graft failure, and increases the severity of

vascular disease in graft vessels (6,7). Ganciclovir pre-

vented TVS and delayed rejection in cardiac transplant

recipients acutely infectedwith CMVbut not in recipients of

allografts from CMV latently infected donors (8). The most

common scenario in SOT is latent CMV infection in either

organ donor or recipient, or both, underscoring the

importance of preventing latent virus reactivation impacting

downstream consequences of CMV disease and graft

survival.

Prophylactic CMV treatment in transplant recipients is a

common CMV prevention strategy, although some trans-

plant centers use a preemptive approach. The utility of

American Journal of Transplantation 2015; 15: 1805–1816
Wiley Periodicals Inc.

�C 2015 The Authors. American Journal of Transplantation
Published by Wiley Periodicals, Inc.

doi: 10.1111/ajt.13188

1805

http://creativecommons.org/licenses/by-nc-nd/4.0/


antiviral agents for HCMV treatment is often limited by side

effects, noncompliance and costs (9–13). Development of a

vaccine to prevent CMV reactivation with high efficacy,

low toxicity and low cost would avoid these significant

issues. Thus far, endeavors to achieve this end have

been unsuccessful. Live-attenuated vaccines utilizing the

laboratory-adapted HCMV strain AD169 or clinical strains

Towne and Towne/Toledo chimeras elicited antibody

responses in seronegative individuals (14,15). However,

the Towne vaccine failed to prevent HCMV infection

following renal transplantation but did reduce CMV disease

(16,17). The addition of immune enhancing agents such as

IL-12 potentiated the efficacy of immune responses

(18,19). A disadvantage of live-attenuated vaccines is their

ability to establish latent infection and reactivate in immune

compromised transplant recipients. Subunit vaccines avoid

introduction of infectious virus; however, these vaccines

are generally limited to one viral protein or a few of the

greater than 150 CMV-encoded proteins. For example, a

vaccine containing recombinant glycoprotein B has under-

gone clinical trials (clinicaltrials.gov # NCT00133497), and

generated substantial neutralizing antibody titers in CMV-

na€ıve subjects and boosting Ab and T cell responses in

CMVþ subjects (20,21). In bone marrow transplant

patients, a gB DNA plasmid vaccine reduced CMV

occurrence and need for antiviral therapy (22). The

protective value in targeting a single viral protein is unclear

and the use of other viral proteins such as immediate early

protein 1 and pp65 may garner greater protection (23).

Anti-CMV T cell and antibody responses in infected

individuals are robust. CMV-specific T cells can account

for>10%of total circulatingmemory T cells (24). However,

this vigorous CMV-specific immune response does not

offer protection from re-infection (25,26) due to the

immune evasion characteristics of the virus (27). Develop-

ment of a CMV vaccine that boosts immunity in immuno-

suppressed transplant recipients would protect the patient

from infection and/or reactivation, and prevent potentially

life-threatening accelerated allograft rejection. The goal of

this study was to test the immunogenicity and efficacy of a

novel inactivated CMV vaccine in a rat model of cardiac

transplant. We created a vaccine by inactivating CMV using

hydrogen peroxide, a method that preserves antigenic

structure and immunogenicity while completely inactivat-

ing viruses (28). CMV-na€ıve rats were vaccinated prior to

receiving CMVþ donor cardiac allografts. We then deter-

mined the vaccine effects on chronic allograft rejection and

viral dissemination. This RCMV vaccine provides a spring-

board for developing a multivalent HCMV vaccine.

Materials and Methods

RCMV vaccination

Maastricht strain RCMV was prepared from rat fibroblasts as previously

described (29–31). Equal volumes of RCMV (5� 106 pfu/mL) were mixed

with 6% hydrogen peroxide diluted in water for 4 h (28). The virus: H2O2

solution was dialyzed overnight against PBS using a Spectra/PorCE Float-a-

lyzer (25 000 dalton cutoff; Spectrum Labs, Rancho Dominguez, CA).

Aliquots of vaccine (0.1mg/mL) were stored at�808C. CMV-na€ıve Lewis rats

(recipients) were untreated or vaccinatedwith inactivated RCMVeither 35 or

70 days prior to transplantation (Figure 1). At vaccination, 10mg inactivated

RCMV was mixed with an equal volume of Complete Freund’s adjuvant

(FCA) and injected intramuscularly. Rats were boosted at 28 dayswith 10mg

of vaccine in Incomplete Freund’s adjuvant (FIA).

Heart transplantation

Animals were housed in the Portland Veterans Administration Medical

Center animal facility, which is AAALAC accredited and complies with USDA

and HHS animal care requirements. F344 rats (donors) were infected with

1� 105 pfu salivary gland-derived RCMV (30,32,33) 5 days prior to

heterotopic cardiac transplantation into Lewis recipients (5,33). Recipients

were treated with CsA (10mg/kg/day; Novartis, East Hanover, NJ) for 10

days to prevent acute rejection. Animals were examined daily for CR by

manual monitoring of graft heartbeat grade and harvested upon graft failure

(5). Blood was drawn on postoperative days (POD) 21, 35, 49, 63 and at CR.

TVS was assessed in paraffin embedded tissue sections stained with H&E

and elastic von Gieson. The extent of TVS formation was determined by the

neointimal index (33,34). Allograft TVS severity and time to rejection were

compared between groups using Student’s t-test. A second cohort of

transplanted rats was harvested at POD 7 to assess early effects of

vaccination on virus dissemination.

Adoptive and passive transfer experiments

Lewis rats were vaccinated, boosted (70 day protocol) and harvested one

day pretransplantation. Total blood was clotted and serum pooled. Total

splenic lymphocytes were isolated using Ficoll-Paque Plus (GE Healthcare,

Piscataway, NJ) (8). T cells were isolated using a BD FACSAria II cell sorter

by staining 8� 108 lymphocytes with antibodies to CD4 (APC-Cy7,

Biolegend, San Diego, CA), CD8 (PerCP-Cy5, BD Biosciences, San Jose,

CA), CD44h (FITC, BD Biosciences) and CD62L (PE, BD Biosciences), which

delineate T cell subtypes (na€ıve, central and effector memory phenotypes)

(8). T cells were pelleted by centrifugation and resuspended in RPMI-1640.

That day Lewis recipient rats (n¼ 6) received approximately 8� 106 effector/

central memory T cells (CD4–2� 106, CD8–6� 106; purity 98.7%) i.v.

(500mL) or 1mL of pooled serum i.p. (n¼ 6/group). Adoptive transfer rats

were transplanted with RCMV infected F344 hearts and harvested at CR.

Prime/boost of Lewis rats with 10mg of inactivated RCMV prepared with

Alum (0.1%) and/or monophosporyl lipid A (MPL; 5mg) was performed to

compare adjuvant efficacy. Control groups consisted of a) unvaccinated

group; b) vaccinated with inactivated virus alone with no adjuvant; and c)

inactivated virus prepared in Freund’s adjuvant. At 70 days postprime, serum

was collected from vaccinated animals and 1mL pooled serumwas injected

i.p. into Lewis recipients. An additional group received a rat anti-RCMV gB

neutralizing mAb (10mg/kg) i.p. Lewis rats were transplanted the following

day with RCMV-infected F344 rat donor hearts.

PCR detection of RCMV

To determine viral DNA load, total DNAwas isolated fromgraft heart, salivary

glands and PBMC using DNazol (8). DNA (0.5mg) was analyzed by TaqMan

PCRusing a probe/primer set recognizing RCMVDNApolymerase sequence

(sensitivity <100 copies) (33,35).

RCMV-specific enzyme-linked immunoabsorbent assay (ELISA)

Antibody responses were assessed by RCMV-specific ELISA as described

(8). High binding ELISA plates (Corning, Tewksbury, MA) were coated with

RCMV-infected cellular lysates (10mg/mL). Plates were blocked with 2%

milk in 0.05% Tween-PBS. Triplicate serial serum dilutions were incubated

for 2 h at room temperature then washed with 0.05%Tween-PBS. Plates

were incubated 1 hwith horseradish peroxidase-conjugated anti-rat IgG (Life
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Technologies, Grand Island, NY), anti-rat-IgG1, -IgG2a, -IgG2b, -IgG2c or

-IgM and washed. Chromogen OPD substrate (Life Technologies) was

added to allow detection and quantification of bound antibody molecules.

Endpoint antibody titers were calculated using log-log transformation of

linear portion of the curve.

Plaque reduction neutralization assay

Virus-neutralizing capacity was assessed by plaque reduction assays. 1:20

dilutions of heat inactivated serum (568C, 30min) were incubated with 100

PFU RCMV 1h at 378C. Mixtures were applied to confluent rat fibroblasts

and incubated 2h at 378C. A 1mL overlay of carboyxmethyl cellulose (Sigma-

Aldrich, St. Louis, MO) was applied. At 5 days, plates were fixed with 3.7%

formalin and stained with methylene blue. Average plaque number (three

replicates) was compared to control serum using Student’s t-test.

SDS-PAGE and western blot analysis

RCMV-infected cell lysates were loaded onto NuPAGE 4–12% gradient

gels (Life Technologies) and transferred to Immobilon-P blotting

membrane for immunostaining. Membranes were blocked in 2% Milk

in 0.02% Tween-20 (Block) for 15min. Rat sera (1:1000 in Block) was

added for 1 h, and membranes washed in TBS containing 0.2% Tween

(TBST). Secondary goat anti-rat-HRP conjugate was added at 1:40,000 in

Block for 20min and washed in TBST. Membranes were exposed to ECL

Advance Lumigen-TNA (GE Healthcare) and exposed to Biomax Light Film

(Kodak, Rochester, NY).

Results

Inactivated RCMV vaccine prevents CMV-accelerated
rejection
We used a CMV polyvalent vaccine in a rat heart transplant

CR model with RCMV Dþ /R- and assessed protection

against CMV-accelerated CR/TVS. Inactivated RCMV vac-

cine was produced using hydrogen peroxide inactivation

(28). H2O2 treatment resulted in complete inactivation of

RCMV as determined by plaque assay (data not shown).

Lewis recipients were vaccinated with 10mg of inactivated

RCMV with FCA (Figure 1). At 28 days post–initial

vaccination, animals were boosted with 10mg of inactive

RCMV plus FIA. The vaccinated rats were divided into two

groups. Vaccine group 1 was transplanted at 7 days

following booster (35-day vaccine), while vaccine group 3

was transplanted at 42 days following booster (70-day

vaccine). Both groups received RCMV-infected F344 donor

Lewis Rat Vaccination
Inactivated RCMV + FCA

Immune Boost
Inactivated RCMV + FIA

F344 Donor Infection
with RCMV

Transplant of
Graft Heart from 

RCMV (+) F344 Donor

Day 0 Day 21 Day 35 Day 49 RejectionDay -5Day -35 Day -7

Lewis Rat Vaccination
Inactivated RCMV + FCA

Immune Boost
Inactivated RCMV + FIA

F344 Donor Infection
with RCMV

Transplant of
Graft Heart from 

RCMV (+) F344 Donor

Day 0 Day 21 Day 35 Day 49 RejectionDay -5Day -70 Day -42

Lewis Rat Vaccination
Inactivated RCMV + FCA

Immune Boost
Inactivated RCMV + FIA

Transplant of
Graft Heart from 

Uninfected F344 Donor

Day 0 Day 21 Day 35 Day 49 RejectionDay -35 Day -7

Transplant of
Graft Heart from 

Uninfected F344 Donor

Day 0 Day 21 Day 35 Day 49 Rejection

Control Group 1

Control Group 2

Vaccine Group 1

Vaccine Group 3

Vaccine Group 2

F344 Donor Infection
with RCMV

Transplant of
Graft Heart from 

RCMV (+) F344 Donor

Day 0 Day 21 Day 35 Day 49 RejectionDay -5

Figure 1: Vaccine experimental design. Depicted is the vaccine experimental strategy and study time line. A total of five groups were

included in this study: (1) nonvaccinated recipient of an infected donor heart; (2) nonvaccinated recipient of uninfected donor heart; (3)

vaccinated recipient at 35 days before transplantation that was boosted at 28 days later received an infected donor heart; (4) vaccinated

recipient at 35 days before transplantation that was boosted 28 days later received an uninfected donor heart; (5) vaccinated recipient at 70

days before transplantation thatwas boosted 28 days later received an infected donor heart. Donorswere infected at 5 days pretransplant to

ensure that each donor heart was infected and that infection was not affected by pre-existing immunity in the vaccinated groups, which

would skew the results. Rejection was monitored and the animals were euthanized at the time of CR at which time blood, salivary glands,

graft heart, and other major organswere harvested for analysis. A second cohort of Nonvaccinated, Day 35, and Day 70 vaccinated allograft

recipients was harvested at postoperative day (POD) 7 to monitor the effect of vaccination on virus levels at early times posttransplant.
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hearts to mimic the highest risk group (Dþ /R-) for CMV

infection and disease in human transplantation. Vaccine

group 2 (35-day vaccine) received an uninfected donor heart

to control for effects on allograft survival or TVS. Non-

vaccinated Lewis recipients transplanted with either

infected or uninfected F344 donor hearts served as

additional controls (Control groups 1&2).

Chronic allograft rejection was accelerated from a mean of

108 days post transplantation to 59 days when CMV-

infected donor hearts were transplanted (Figure 2A and B).

The 35-day vaccination strategy did not prolong average

time to CR in either infected or uninfected heart groups

(Figure 2B, terminal rejection POD 61 and POD 104,

respectively). However, recipients of infected hearts that
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Figure 2: Vaccine promotes allograft

survival of RCMV infected donor hearts.

Vaccination of recipients with H2O2-inactivated

RCMV at 70 pretransplantation promotes

survival of RCMV-infected donor hearts

compared to unvaccinated controls and

recipients vaccinated at 35 days pretransplant.

Heterotopic heart allografts (RCMVþ /�) were

transplanted into RCMV-na€ıve recipients or

animals vaccinated at 35 or 70 pretransplant

(n¼6). Heart graft recipients were monitored

over a 120-day period for clinical graft rejection.

(A) Graft survival curves were produced using

GraphPad Prism 5 software. (B) Graph depicts

themean time of rejection for each group aswell

as the time to rejection for each replicate. (C)

Sections of graft hearts were stained with H&E

and elastic von Gieson in order to determine the

degree of vascular disease in the coronary

arteries. The average neointimal index

(vascular disease, TVS) for each group as well

as the NI for each individual heart graft were

graphed (means and SEM) using Prism 5

software. Standard deviation is indicated with

error bars. The severity of TVS (NI scores)

between the vaccine groups was analyzed and

compared using Student’s t-test (p-

values<0.05 were considered statistically

significant).
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received the 70-day vaccine had a significant delay in time

to terminal graft rejection (POD 97). TVS results paralleled

the graft rejection data (Figure 2C) with significantly greater

degree of vasculopathy in infected donor hearts of

unvaccinated controls and the 35-day vaccine group

(NI¼90 and 87) than in animals receiving the 70-day

regimen (NI¼59; p<0.05) or uninfected controls (NI¼ 54;

p< 0.05). Of note, in parallel with the rejection data, the 35-

day vaccinated recipients of uninfected hearts had similar

NI as the no vaccine-no infection group and day 70 vaccine

with RCMV infection (NI¼ 58; p¼NS). These data demon-

strate that 70-day vaccination regimen with inactivated

RCMV delays the time to rejection and decreases NI

severity. Importantly, pretransplant vaccination timing is

critical. In order to confirm the presence of posttransplan-

tation CMV infection, we quantified viral DNA load in

salivary glands of recipients at time of CR (Figure 3A).While

the 35-day vaccinated animals had an eightfold reduction in

viral load compared to unvaccinated controls, the 70-day

regimen had a>100-fold reduction compared to unvacci-

nated controls (p<0.01).

To determine the effect of vaccine on early viral load and

tissue specificity, we harvested PBMC, heart allografts,

and salivary glands at POD 7 and assessed viral load by

quantitative PCR. We found differential levels of RCMV in

the various tissues (Figure 3B). The 70-day vaccinated

group had nearly undetectable viral load in the PBMC’s,

detectable but very low levels in the heart graft, and similar

levels in the salivary glands compared to the other groups.

This finding supports the concept that CMV-accelerated

graft rejection can be thwarted by a vaccine that reduces

viral load in the graft tissue but doesn’t prevent virus

reactivation/dissemination.
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Figure 3: Day 70 vaccine reduced viral load in allograft recipients at CR. Total DNAwas prepared using the DNAzol method. Viral DNA

loadswere determined by quantitative PCRusing virus specific primers and probe; and then the resultswere compared between the groups

using Student’s t-test (p-values<0.05were considered statistically significant). (A) Vaccination of recipientswithH2O2-inactivatedRCMVat

70 days pretransplant reduces viral load in salivary glands at the time of graft rejection compared to unvaccinated controls and recipients

vaccinatedwith 35-day regimen (*p<0.01). (B) Vaccination of recipientswithH2O2-inactivated RCMVat POD�70 significantly reduces viral

load in recipient PBMC and allograft heart but not salivary glands at 7 days posttransplantation compared to unvaccinated controls and

recipients that were vaccinated at POD �35. SMG: submandibular gland.
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RCMV vaccine elicits antibody responses
To address the protective functional difference in immune

response elicited by the 70-day vaccination compared to

the 35-day vaccine strategy, we analyzed anti-RCMV

antibody (Ab) responses in recipients at 0 (pretransplanta-

tion), POD21, 35, 49 and at terminal CR by RCMV-specific

ELISA. As expected, all na€ıve recipients (i.e. at the pre-

vaccination time point) were anti-RCMV Ab negative

(Figure 4A). Vaccinated animals had detectable anti-

RCMV Ab levels at time of transplantation. However, the

70-day vaccine group had approximately threefold higher

levels of anti-RCMV Ab, compared to the 35-day vaccine
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Figure 4: Vaccine elicits increased antibody

responses to RCMV. The production of anti-

RCMV antibodies in the sera from vaccinated

recipients at various times pre- and

posttransplantation was measured using

standard ELISA detecting RCMV-infected cell

lysates as the antigenic source. (A) Total IgG

antibody binding was detected using a pan-anti

rat IgG antibody coupled to horseradish

peroxidase. CR¼ chronic rejection. (B) Primary

antibody binding was detected using anti-rat

isotype-specific secondary antibodies (IgG1,

IgG2a, IgG2b, IgG2c, and IgM). Animals

vaccinated against inactivated RCMV with

Freund’s adjuvant using the 70-day vaccine

regimen were higher for IgM, IgG2b and IgG2c

compared to animals vaccinated using the 35-

day vaccine protocol. N¼6 per group. (C)

Western blot analysis was used to measure

the presence and breadth of the antibody

response in serum from uninfected control

rats, the 35 day and 70 day vaccine groups

compared to a rat monoclonal antibody that

recognizes gB. RCMV infected cell lysates were

separated by SDS-PAGE and transferred to

PVDF membrane. Blots were blocked and

primary antibodies were bound for 1 h at room

temperature. Primary antibody binding was

detected using anti-rat total Ig conjugated to

horseradish peroxidase and developed by ECL

and autoradiography.
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group (p¼0.24). Vaccine-induced Ab responses were

durable, lasting >100 days, even in the face of receiving

an allograft from an uninfected donor (green line).

Interestingly, Ab levels at POD21 in the 70-day vaccine

group experienced a 2-log increase in anti-RCMV IgG

whereas no increase was seen at this time point in the 35-

day vaccine group. Ab responses for these two groups

were similar by POD35, however, at POD49 and at CR,

there was an additional increase in Ab levels in the 70-day

vaccine group not seen in the 35-day group. To determine

isotype specificities of antibody responses, we profiled

pretransplant anti-RCMV responses for the 70-day and 35-

day vaccination strategies by ELISA. Both vaccination

strategies elicited comparable IgG1, IgG2a, and IgG2b

responses (Figure 4B). However, the 70-day vaccine group

had substantially increased levels of IgM and IgG2c anti-

RCMV specific antibodies compared to the 35-day group. In

addition, western blotting analysis of sera from both groups

showed that 70-day vaccination elicits a broader array of

anti-RCMV responses (Figure 4C).

To assess functionality of Ab responses, we determined

anti-RCMV neutralizing potential using plaque reduction

neutralization assays. No detectable neutralizing antibodies

were seen at time of transplantation (PreTxp day �1)

(Figure 5). The 70-day vaccine group developed 50% virus

neutralizing activity by POD21, and the levels increased

with time. By contrast, the 35-day vaccine group and

unvaccinated controls lagged significantly behind the 70-

day group. Analyses of pretransplant anti-RCMV antibody

responses revealed a longer period between vaccination

and transplantation promotes a more robust and diverse

immune response, translating into improved protection

against rejection, less allograft TVS and improved overall

graft survival.

Vaccine serum and T cells confer protection against
CMV-accelerated CR
To identify immune correlates of protection by H2O2-

inactivated RCMV vaccine, an additional cohort of Lewis

rats were vaccinated as described (70-day vaccine;

Figure 6A). One day before transplantation, na€ıve rats

received either immune serum from the vaccinated animals

(1mL i.p.) or a mixture of memory T cells (2�106 CD4þ
plus 6�106 CD8þ EM/CM; i.v. purity¼98.7%). The next

day, recipients were transplanted with hearts from RCMV-

infected F344 rats and time to rejection and TVS severity

were determined. As shown in Figure 6 B and C, the mean

time to rejection of RMCV-infected allografts for passive

transfer recipients was 108 days and paralleled that of

uninfected controls, and resulted in a significantly longer

survival than untreated RCMV-infected animals (59 days;

p< 0.0001). The severity of disease (NI) mirrored time to

rejection. Scores for NI were 90, 55 and 54 for untreated

RCMV infection, passive transfer and uninfected groups,

respectively (Figure 6D). T cell adoptive transfer recipients

similarly demonstrated a significant clinical benefit with

respect to time to rejection (92 vs. 59 days; p< 0.0001) and

severity of vasculopathy (NI¼ 57 vs. 90; p< 0.0001).

Adoptive T cell transfer results were less robust than for

the passive transfer group (Figure 6B,C&D). Importantly,

the viral load in the submandibular glands at CR was

significantly reduced in both passive and adoptive transfer

recipients compared to untreated RCMV infected controls

(Figure 7). Both treatment groups demonstrated a >100-

fold reduction in salivary gland viral load (p< 0.0002).

Indeed, 2/4 animals that received immune serum demon-

strated >5 Log10 reduction in virus titer. These data

support the importance of reduction in viral load for

impacting CMV accelerated TVS and CR.

Since passive antibody transfer from vaccinated animals

into CMV-na€ıve recipients was most effective in increasing

graft survival of RCMV-infected donor hearts with Freund’s

adjuvant, we next compared the efficacy of antibody

responses induced by several human adjuvants (Alum,

MPL, or Alum/MPL combination). At 1 day pretransplanta-

tion, Group 1 received immune sera (1mL i.p.) from a Lewis

rat vaccinated with H2O2-inactivated RCMV (no adjuvant

control); Group 2 vaccine was prepared with Alum; Group 3

with MPL; Group 4 with Alum plus MPL; Group 5 with

Complete Freund’s; and Group 6 contained unvaccinated

controls. Group 7 received 10mg/kg of a rat anti-RCMV gB

mAb (IgG2b isotype) i.p., which neutralized RCMV in the

presence of complement (Figure S1). All passive antibody
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recipients were transplanted with hearts from RCMV-

infected F344 rats (n¼ 6/group). The mean time to allograft

rejection in Groups 4 and 5 was significantly increased

compared to all other groups (93.8 and 97.7 days vs. 60.8,

60.3, 68.3, 57.3, and 54.8 days, respectively; p< 0.002)

(Figure 8 A and B). Similarly, TVS was significantly reduced

in grafts from Groups 4 and 5 compared to Groups 1, 2, 6,

and 7 (NI¼ 63 and 62 vs. 85, 86, 89 and 90, respectively;
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vaccinated rats into RCMV-na€ıve recipients prior to transplantation of an infected donor heart. (A) Depicted is the vaccine/transfer
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uninfected rats served as negative controls and recipients of infected hearts (untreated) served as positive controls for RCMV-accelerated

CR. Time to rejectionwas determined for each group and graphed in a survival plot (B) or graphed as the average time to rejection (C). Shown

in panel D is the average neointimal index of allograft vessels at the time of chronic rejection. Transfer of immune serum prevented RCMV-

accelerated rejection and TVS formation in infected donor hearts compared to controls.

Streblow et al

1812 American Journal of Transplantation 2015; 15: 1805–1816



p< 0.001) (Figure 8C); and also versus Group 3 (NI¼ 79;

p< 0.01). To determine whether differences in graft

survival correlated with antiviral antibody titers, we used

ELISA to measure anti-RCMV antibody dilution titers for

total IgG, IgM and subsets of IgG (Figure S2). The antiviral

dilution levels for specific rat IgG isotypes are shown in

Figure S2. The salivary gland infection status in animals of

Groups 4 and 5 was substantially lower than Groups 1, 2, 3,

6 (data not shown). Combined, our data indicate an

additional immune correlate provided by inactivated viral

vaccine arms the host with a multifaceted protection

against CMV-accelerated allograft rejection.

Discussion

Cytomegalovirus continues to negatively impact outcomes

in solid organ transplantation, especially during reactivation

following cessation of antiviral prophylaxis. In addition,

CMV infection in the transplant recipient directly and

indirectly enhances graft vascular disease and accelerates

acute and chronic rejection. Historically, the development

of a diverse spectrum of anti-viral agents, such as

ganciclovir, and/or Hepatitis A, B, and influenza vaccines

have impacted graft outcomes and patient survival post

transplantation (36). While a CMV vaccine potentially

represents a cost-effective method for inducing and/or

enhancing protective immunity against CMV in transplant

patients, the implementation of a highly efficacious vaccine

has remained elusive due to critical factors including: (1)

lifelong CMV persistence, making vaccine testing in

immunocompetent populations unfeasible; (2) CMV enc-

odes a number of immune modulatory genes that reduce

the potency of the antiviral immune response; (3) while

natural immunity prevents outward disease in otherwise

healthy individuals it does not prevent re-infection, suggest-

ing that sterilizing immunity may be very difficult, if not

impossible. In this study, we determined the efficacy of a

novel vaccine in preventing CMV disease and accelerated

TVS/CR in rat heart allografts. We inactivated RCMV using

hydrogen peroxide, a method that generates highly

efficacious inactivated vaccines (28). Our results demon-

strate that a prime/boost approach followed by a period of

immune maturation between vaccination and transplan-

tation evokes a protective response by preventing CMV-

accelerated TVS and extending graft survival to control

levels. The vaccine effectively reduced viral loads in

PBMC and graft hearts at POD 7 but failed to elicit

sterilizing immunity. Our current findings support the

concept that control of virus replication early in the post

transplant period contributes to the reduction of CMV-

accelerated rejection.

Both humoral and cellular mediated immunity are poten-

tially activated during vaccination. Since transfer of T cells or

antiserum from vaccinated animals into na€ıve animals

increased time to rejection and simultaneously reduced

TVS severity and salivary gland viral titers at the time of

rejection, we propose that the hydrogen peroxide RCMV

vaccine potently stimulates both arms of the immune

system. We did not examine antiviral T cell responses;

however, increased protection from accelerated rejection

in T cell transfer experiments clearly demonstrates their

functionality. It is established that immunosuppressive

drugs given to prevent acute cellular graft rejection result in

reduced active T cells, and negatively impacts recipient cell-

mediated immunity (37). Importantly, anti-CMV T cell

immunity levels substantially drop in kidney transplant

patients shortly after transplantation (38). It takes >1 year

for antiviral-T cell levels to recover and in most individuals

pretransplant levels are never reached. Similar findings

have been observed in heart transplant recipients with

initial low levels of anti-CMV T cell immunity that failed to

develop protective immune responses following transplan-

tation, resulting in increased frequency of CMV reactivation

(39). Results from these human studies indicate the

potential benefit of a CMV vaccine in reducing viral

reactivation in patients with functional pretransplant antivi-

ral immune responses, which wane after transplant (22).

We chose to focus on the vaccine-associated impact on
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Figure 7: Transfer of serum or T cells from vaccinated rats to

na€ıve recipients reduced viral load in allograft recipient

salivary glands at CR. Transfer of vaccine immune serum or T

cells reduces viral load in salivary glands at the time of graft

rejection compared to unvaccinated controls (p<0.02). Total DNA

was prepared using DNAzol and viral genomic DNA levels were

measured by quantitative PCR. The results were compared

between the groups using Student’s t-test.
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CMV-specific antibody responses since passive transfer of

antiserum was highly efficacious.

In the current study, vaccine-induced CMV-specific anti-

body responses were not neutralizing or sterilizing;

however, these antibodies provided robust protection

from CMV-induced vasculopathy and CR. We propose

that the mechanism involves a modulation in down-stream

antibody effector mechanisms that include antibody-

dependent cellular cytotoxicity (ADCC), which was also

suggested to explain data obtained during the MF59-gB

human clinical trial (40). We demonstrate that anti-RCMV

antibody responses in the 70-day group were more robust

with broader specificity compared to the 35-day group.

Importantly, the 70-day vaccination strategy had robust

recall antibody responses displaying quicker antiviral

antibody kinetics and rapid formation of neutralizing activity

by POD 21. Interestingly, the increase in antiviral antibody

titers and induction of neutralizing antibodies following

transplantation of the RCMV-infected heart occurred in the

presence of the immunosuppressant CsA, indicating that T

cell helpwas not required formemoryB cell activation in the

70-day vaccine group. This finding suggests that vaccine-

derived anti-CMV memory B cells are capable of robust
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Figure 8: Anti-RCMV vaccine efficacy is

adjuvant-dependent. Three adjuvants were

compared for their effect on efficacy of the

anti-RCMVvaccine in recipients of CMV-infected

donor allografts. CMV-na€ıve Lewis rats were

vaccinated with hydrogen peroxide inactivated

RCMV adjuvanted with Alum, MPL,

AlumþMPL, or Freund’s using the 70-day

vaccination regimen. At 1 day pretransplant,

Lewis recipient rats were injected with 1mL of

blood serum derived from the vaccinated

animals (n¼6). The recipient rats were

transplanted with a RCMV-infected F344 donor

heart. Group 1 received serum from vaccinated

animals with H202-inactivated virus alone with

no added adjuvant; Group 2 vaccine was

adjuvanted with Alum; Group 3 with MPL;

Group 4 with AlumþMPL; Group 5 with

Freund’s adjuvant; Group 6 were untreated

recipients of infected hearts to serve as

positive controls for RCMV-accelerated CR;

and Group 7 were treated with a rat

monoclonal antibody directed against RCMV-

gB that neutralizes in the presence of

complement. (A) Time to rejection was

determined for each group and graphed in a

survival plot (B) or graphed as the average time to

rejection. Shown in panel C is the average

neointimal index of allograft vessels at the time

of chronic rejection. Transfer of immune serum

from rats vaccinated using the adjuvant

AlumþMPL prevented RCMV-accelerated

rejection and TVS formation in infected donor

hearts to levels observed for those animals

receiving Freund’s adjuvant.
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proliferation/differentiation into antibody-secreting cells,

further strengthening the vaccine efficacy. Studies in

latently infected B-cell deficient mice on immunosuppres-

sion receiving immune serum resulted in a significant

reduction in salivary gland, lung and spleen viral titers

compared to wild-type controls (41), suggesting that this

effect was antibody-based. A MCMV latency model by

Reddehase et al compared the risk of virus reactivation in

BALB/c mice that had experienced a primary infection as

either neonates or adults (42). They observed a higher

incidence of virus recurrence in neonatally-infected mice

due to a higher latent viral load in spite of a fourfold higher

titer of neutralizing antibody, suggesting that neutralizing

antibodies do not prevent virus reactivation. However,

recurrent infection remained confined to the organs hosting

viral reactivation and serum-transfer from wild-type vs. B-

cell deficient donormice identifying antiviral antibody as the

mediator preventing virus spread. These findings may

explain the effect of active induction of antiviral antibodies

by our vaccine in preventing graft disease. In human SOT

patients, passive transfer of IVIG is used to treat drug-

resistant HCMV disease, which supports this concept (43).

Antibody and T cell responses are induced when H2O2-

inactivated virus vaccine is combined with FCA, which is

composed of inactivated mycobacteria. Freund’s adjuvant

is effective in stimulating cell-mediated immunity and

potentiates production of certain Ig-subtypes, but it is not

approved for human use. Therefore, we tested the ability of

clinically relevant adjuvants to boost immunogenicity of

H2O2-inactived CMV vaccine. The combination ofMPL plus

alum resulted in significant protection against CMV-

mediated CR and TVS. MPL displays greatly reduced

toxicity while maintaining most immunostimulatory activi-

ties of lipopolysaccharide by signaling through Toll-like

receptor-4. Alum promotes humoral responses to alum-

adsorbed deposits of antigens due to induction of

inflammatory signals. Our findings of the synergistic effect

of MPL/alum are likely due to their complementary

immunostimulatory effects. Future studies will define the

nature of antiviral B cell activation and determine whether

anti-CMV antibody responses impede alloreactivity by

blocking inflammation. There is increasing precedent that

antibodies have anti-inflammatory properties, and these

anti-inflammatory properties may be involved in the

vaccine’s protective effects (44). Our vaccination strategy

induced immune responses in both arms of the immuno-

logic repertoire. Our findings demonstrate that a vaccine

that induces durable antibody-mediated viral immunity

would have long-term benefits to human transplant

recipients by reducing episodes of CMV reactivation and

the consequent chronic allograft rejection.
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